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Abstract 
 
 
Energy needs as well as the vast majority of products and chemicals are 
currently sourced from fossil resources due to historically low feedstock costs and 
abundant supply. However, the availability of fossil resources have started to decline 
and the impacts of rising oil prices and negative environmental aspects (CO2 and 
toxic emissions) have led to a push to source energy and chemicals from other 
materials.  Biomass and non-food crop residues are seen as relatively low cost and 
abundant renewable sources capable of making a large contribution to the future 
world’s energy and chemicals supply.  
Levulinic acid and furfural are considered to be versatile platform chemicals 
that can be utilised to produce fuels, solvents, polymers, pharmaceutical and 
agrichemical products. At the present time, there is no commercial process available 
for economic manufacture of levulinic acid from lignocellulosic feedstocks. This is 
as a consequence of low product concentration, inefficient product separation and 
recovery, processing issues associated with the presence of lignin, waste disposal 
caused by typical acid processes and equipment corrosion. Most research approaches 
on levulinic acid production have used mineral acids on a small variety of feedstocks 
under small processing condition windows. Also, despite advancement in the use of 
heterogeneous catalysts and development of alternative reaction pathways for 
levulinic acid production, at the present time, the use of low corrosivity 
homogeneous catalysts offer the best processing option if product selectivity can be 
maintained and the catalyst readily recovered. On this basis, the project examined the 
production of levulinic acid (and other chemicals) from sugarcane fibre (i.e., 
bagasse) using an environmentally friendly biodegradable organic acid. 
After initial screening trials with various sulfonic acids, methanesulfonic acid 
(MSA) was evaluated in this research for the acid-catalysed conversion of glucose, 
xylose, glucose/xylose mixtures, treated and untreated bagasse to levulinic acid and 
furfural. This was to examine the different reaction pathways and interactions of feed 
components. As sulfuric acid is the main homogeneous catalyst used in the 
production of levulinic acid and furfural, it was used as a control. Response surface 
iv Production of Levulinic Acid and Other Chemicals from Sugarcane Fibre 
modelling methodology was used in the study to reduce the number of experiments 
but still obtain information on the relationship between the operating variables and 
product yield. The effect of polyols as co-solvent on product yield was also 
evaluated, although only ethylene glycol (EG) was selected for detailed study. 
For the sugar mixtures, yields of between 60-65 mol% for levulinic acid was 
achieved at a reaction temperature of 180 °C and reaction time of 30-60 min. Similar 
yield of furfural was achieved at shorter reaction times of 8-15 min. The interactions 
between glucose and xylose were found to influence product yields with furfural 
degradation reactions enhanced at higher sugar content. Methanesulfonic acid was 
compared to sulfuric acid and found to produce significantly higher furfural yield of 
up to 20% (P-value = 0.01). However, sulfuric acid produced a slight increase in 
levulinic acid yield of 6% (P-value = 0.02), although there was no significant 
difference between MSA and sulfuric acid in levulinic acid formed from glucose 
alone (P-value >0.05). Combined severity factor (CSF) equations were developed to 
compare both furfural and levulinic acid yields produced under different process 
conditions.  Furfural yield reached a maximum value with CSF of ~1000 after which 
the yield significantly decreases. Levulinic acid yields are maximised under 
relatively more severe conditions than those of furfural. They tend to plateau under 
more severe conditions implying increased side reactions.  In general, furfural is 
produced in high yields under less severe conditions, while the opposite is true for 
levulinic acid. The solid residues formed from the acid hydrolysis reactions consist 
of aromatic, oligomeric and polymeric species, with high carbonyl content. These 
species increased with reaction time, reaction temperature and xylose content. 
Acid hydrolysis studies with MSA were extended to treated and untreated 
bagasse. Higher yields of products (>75 mol% levulinic acid and >85 mol% furfural) 
were obtained with bagasse than were obtained from monosaccharide solutions. The 
high yields may be due to the slow rate of the fractionation (i.e., the rate simple 
sugars are formed in-situ) such that a high acid catalyst to low soluble sugar 
concentration ratio is created which provides optimal conditions for reaction.  
Pre-treatment of bagasse by the soda process that resulted in a low lignin 
content of the pulp gave the highest levulinic acid yield at moderate catalyst 
concentration (0.3 M), and the highest furfural yield at low catalyst concentration 
(0.1 M). However, in general the effect of lignin and ash concentrations of the pre-
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treated bagasse on product yield was variable, implying that other factors are at play. 
That said, there is benefit to process biomass of low lignin content to prevent reactor 
blockages and solids build up during the acid-catalysed conversion process. The 
particle size of bagasse appeared not to affect product yield, and so bagasse can be 
used as is without further grinding. 
Ethylene glycol, as a co-solvent (50% v/v) was shown to improve the product 
carbon yield by up to 20% compared to the hydrolysis of bagasse with no co-solvent. 
Levulinate yields of >80 mol% were achieved with pre-treated bagasse which is 
higher than the optimised yields of levulinic acid achieved under hydrolysis 
conditions. High furfural yields of 80% could be achieved under mild conditions, 
although furfural was readily converted in the presence of EG. The study with EG 
has significantly improved knowledge of the products formed during glycol assisted 
solvolysis of carbohydrates. The identification, for the first time, and proposed 
reaction pathways in the thermal fragmentation of EG-levulinate esters/ketals in a 
Gas Chromatography-Mass Spectrometer is a significant research contribution. 
As an alternative to the energy-intensive vacuum distillation process known to 
be suitable for levulinic acid recovery, the use of liquid-liquid extraction to 
effectively separate the products formed with EG as co-solvent in the solvolysis 
process, was investigated in both synthetic and technical hydrolysates. Of the number 
of industrial solvents examined, the highest extraction efficiency for levulinic acid 
and furfural was achieved by the high boiling point solvent, 2-sec-butylphenol, 
followed by the low boiling point solvent, 2-methyltetrahydrofuran. High extraction 
of furfural (>90%) and lower extraction of organic acids (up to 70%) was achieved 
with a 1:1 extraction solvent to hydrolysate volumetric ratio. The efficiency for the 
extraction of levulinic acid and other organic acids increased as the proportion of the 
solvent increased. Glycol levulinate esters are more readily extracted than levulinic 
acid itself suggesting targeting the production of esters will help improve the 
recovery of levulinic acid. The extraction solvents showed almost complete 
exclusion of the acid catalyst and EG which would allow the catalyst and co-solvent 
to be easily recycled to minimise chemical costs in a commercial plant. For a liquid-
liquid extraction system to be used in a commercial scale a multi-stage recovery 
process would be necessary to target high yields of levulinic acid and derivatives.  
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In this work, high yields of levulinic acid were achieved across a range of 
reaction variables as long as two out of the three conditions are met: high acid 
catalyst concentration, long reaction time or high temperature within the range tested, 
as levulinic acid is relatively stable once formed. When the levulinic acid yield is 
high, that of furfural is low and vice versa, so a two-stage process should be used to 
maximise the yields of products. Levulinic acid is considered to be a more versatile 
platform chemical to furfural (and of higher value), so the priority should be to first 
target high levulinic acid yields. A conceptual biorefinery design for implementation 
in sugar factories or as a stand-alone biorefinery was proposed on the basis of the 
results from the project. The average higher heating value of 22 MJ/kg of the solid 
residue obtained from the hydrolysis process will provide some of the energy 
required to run the biorefinery. 
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Research Contributions 
 
 
The study on the production of levulinic acid and other chemicals from 
sugarcane fibre has added to the body of knowledge on biomass utilisation by 
providing the following contributions: 
 A critical review on the production of levulinic acid from biomass including 
outlining current research in the area and the effect of processing conditions 
on product yield. 
 The establishment of sulfonic acids (methanesulfonic acid in particular) as 
suitable catalysts for the conversion of carbohydrates to levulinic acid, formic 
acid and furfural. 
 Data on the interactive effects between glucose and xylose in the production 
of levulinic acid and furfural. 
 The development of combined severity factor equations for comparing acid-
catalysed hydrolysis of glucose/xylose mixtures to levulinic acid and furfural. 
 Confirmation that a two-stage process is necessary to maximise levulinic acid 
and furfural yields if the feedstock is a lignocellulosics material. 
 The use of both 2D Nuclear Magnetic Resonance and differential Fourier 
Transform Infra-Red spectroscopy to identify differences in structural 
features of solid residues derived from the acid hydrolysis of simple sugars 
and lignocellulosics. 
 Improved knowledge of the products formed during ethylene glycol assisted 
solvolysis of carbohydrates. 
 The proposed reaction pathways in the thermal fragmentation of ethylene 
glycol-mono-levulinate, ethylene glycol-mono-levulinate-ethylene glycol-
ketal, ethylene glycol-di-levulinate, and ethylene-di-levulinate-ethylene 
glycol-ketal in a Gas Chromatography-Mass Spectrometer. 
 The use of nuclear magnetic resonance spectroscopy to identify and quantify 
ethylene glycol-levulinate esters. 
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Chapter 1: Introduction 
 
PREAMBLE 
In this chapter the background (Section 1.1) of the research, 
highlighting the need to manufacture bio-based chemicals and products 
to reduce the world’s dependence on fossil resources is presented. The 
research is placed in context (Section 1.2), as acid-catalysed conversion 
of cheap and readily available carbohydrates (such as sugarcane bagasse) 
have the potential to produce platform chemicals for this purpose. The 
aims and objectives (Section 1.3) outline the path necessary to develop 
an effective and environmentally friendly process for the production of 
levulinic acid and furfural from bagasse which can be integrated into 
existing sugar factories. In Section 1.4, the research approach is 
described, while Section 1.5 provides an outline of the remaining 
chapters of the thesis.  
 
1.1 BACKGROUND 
Reducing society’s dependence on fossil fuels requires replacement of 
chemical building blocks currently sourced from the petrochemical industry. 
Biomass is the only renewable resource of fixed carbon that can be used for the 
production of liquid hydrocarbon fuels and chemicals [1-4]. Lignocellulosic biomass 
consists primarily of three polymers; cellulose, hemicellulose and lignin intertwined 
in a matrix that inhibits facile depolymerisation and transformation. Carbohydrates 
(i.e., cellulose and hemicellulose) comprise up to 70% of the biomass content and are 
more readily transformed to useful chemical components in comparison to lignin 
once separated from the lignocellulosic matrix. 
The conversion of lignocellulosic biomass into chemical products proceeds 
through the fractionation of lignin and carbohydrates, and the depolymerisation to 
monomeric sugars and conversion of these to targeted compounds. Acid hydrolysis is 
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the most effective method for biomass depolymerisation to sugars, as this occurs in 
relatively shorter times than enzymatic hydrolysis [5]. Under harsher processing 
conditions the monomeric sugars formed in-situ can be converted to useful chemicals 
such as levulinic acid (from hexose sugars derived from cellulose) and furfural (from 
pentose sugars derived from hemicellulose). Both levulinic acid and furfural have 
been identified by the US Department of Energy as platform chemicals [6]. These 
chemicals can be upgraded to commodity and specialty chemicals and biofuels. 
Typical derivative products include resins, polymers, solvents, agrichemicals, 
pharmaceuticals and flavouring agents, and oxygenated fuel additives [7-10].  
1.2 CONTEXT OF THE RESEARCH 
The sugar industry has large amounts of renewable biomass available. In the 
sugar manufacturing process, sugarcane is processed through a series of milling 
stages that crush the cane and extract the juice (containing sugar) from the fibrous 
material, which is called bagasse.  Bagasse is used as fuel for combustion in the 
sugar factory boilers to generate process steam and electricity for the factory, with 
33-45% of the bagasse surplus after meeting the needs of steam/electricity 
requirements [11]. Approximately 1500 million tonnes of sugarcane are processed 
annually worldwide (~36 million tonnes in Australia)1 making available more than 
120 million tonnes of surplus bagasse.  
Diversification through conversion of sugarcane bagasse into higher value bio-
based chemical products can provide improved economic viability of the sugar 
industry. There are several routes of converting bagasse into liquid fuels and 
chemicals.  These are based on thermochemical or biochemical routes.  Research for 
the past decade has focussed on techniques that convert biomass to sugars (using 
acids or enzymes) which are subsequently fermented to ethanol (for biofuels) in the 
presence of yeast and enzymes. At present, the production of cellulosic ethanol 
cannot compete with fossil fuels due to high production costs resulting from the low 
cellulose content in lignocellulosics and the very high costs of pre-treatment and 
saccharification [12].  Fermentation of pentose sugars is not as efficient as the 
conversion of hexose sugars, thereby reducing biofuel yield. A different approach, 
and possibly more viable, is to use a low temperature acid hydrolysis or solvolysis 
                                                 
 
1 http://en.wikipedia.org/wiki/Sugarcane.  Cited 20 January, 2010. 
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process for the manufacture of organic acids (e.g., levulinic acid) and furanics (e.g., 
furfural). The advantage of targeting these compounds is the effective conversion of 
both carbohydrate components.  
Levulinic acid was commercially produced from starch in the 1940’s by acid-
catalysed hydrolysis processes typically utilising sulfuric acid [13].  Low yields, 
together with high feedstock costs, led to new methods of production being 
developed and feedstocks sourced. There are a number of technological hurdles 
which have limited the economic manufacture of levulinic acid from lignocellulosic 
feedstocks. Low yield, inefficient product separation and recovery, waste disposal 
and corrosion of the reactor associated with the use of mineral acid catalysts, are 
some of the issues [5, 6].  Additionally, processing difficulties associated with working 
with lignocellulosics have been identified. For example, the presence of lignin can 
cause blockages in tubular reactors. The only semi-commercial process for the 
production of levulinic acid from cellulosic feedstocks is based on the Biofine 
process. The process claims to produce up to 70-80 mol% yields of levulinic acid and 
furfural from cellulose and hemicellulose respectively [14].  The Biofine process 
produces levulinic acid in low concentration, resulting in expensive methods required 
for recovery and purification [15]. As a consequence of this and other processing 
issues, there is no current commercial process to produce levulinic acid from 
lignocellulosics. Hence, there is a need to develop environmentally friendly catalytic 
processes to reduce or eliminate these problems but at the same time retain product 
selectivity and yield.  
Much research has been undertaken into upgrading levulinic acid to higher 
value products as a means of improving the process economics. Examples include 
aqueous phase reforming of levulinic acid to γ-valerolactone (GVL) and 
methyltetrahydrofuran (MTHF) [16], and esterification [17] and ketalisation [18].  These 
processes require that levulinic acid and acid catalyst be recovered prior to 
subsequent reaction. This can also be problematic in dilute systems.  
To overcome the issue of levulinic recovery, Dumesic’s group recently 
proposed a solvolytic approach to produce GVL that is used as the solvent during the 
conversion of cellulose to levulinic acid [19].  The levulinic acid is hydrogenated in-
situ to GVL removing the need for its recovery. The use of such systems can be 
costly because of solvent losses and the use of expensive noble metal catalysts for 
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hydrogenation. Importantly, the use of GVL as solvent also readily dissolves lignin 
and humic materials (and cellulose) eliminating the deposition of solid products in 
the biomass conversion reactor [19].  
Alternative to direct production of levulinic acid from lignocellulosics, is the 
production of chloromethylfurfural (CMF) which was developed using biphasic 
systems based on halogenated acids and solvents [20]. The CMF can subsequently be 
converted to levulinic acid or other derivative products. However, the use of 
concentrated mineral acid as the catalyst possesses serious environmental concerns 
and issues surrounding acid recovery and handling.  
Combinations of aqueous and organic solvents have also been applied in the 
production of levulinic acid. Direct alcoholysis of simple carbohydrates where the 
alcohol performs as both solvent and reactant can produce high yields of levulinate 
esters (80-90 mol%) especially with biphasic systems [21].  Significantly lower yields 
of the levulinate ester are produced with cellulosic materials (50-60 mol%) with the 
formation of additional products. High product carbon yields are achieved due to the 
suppression of humin formation caused by the solvent [22].  
The use of organic solvents can also aid the dissolution of biomass and 
improve catalytic reactions through increasing acid potential of the catalyst [23]. 
Regardless of the approach (aqueous- or organic-solvent based), the production of 
high yields of levulinic acid is only achieved with mineral acid catalysts. Corrosion 
issues with the use of these types of acids could be minimised by developing 
environmentally friendly processes in which less corrosive and biodegradable acids 
or heterogeneous catalysts are used. Unfortunately, heterogeneous catalysts have so 
far been unable to overcome low product yields or operate economically at high 
biomass loadings because of low surface contact with substrates. Therefore, at the 
present time, low corrosivity homogeneous acid catalysts offer potential if product 
selectivity can be maintained.  
In this context, the present study examines the use of the biodegradable 
sulfonic acid, methanesulfonic acid (MSA), after conducting screening tests with 
other sulfonic acids, for the production of levulinic acid and furfural from sugarcane 
bagasse. Sulfonic acids are strong, non-oxidising acid catalysts that are more 
environmentally friendly and less corrosive than sulfuric acid or hydrochloric acid.  
Furthermore, sulfonic acids were selected in the present study as they have been 
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found to play an important role in reducing condensation and oxidation reactions 
during liquefaction of cellulosic materials in comparison to mineral acids [24]. 
Glycols are known lignin solvents and have been used as liquefaction solvents, 
primarily in the absence of water and under atmospheric conditions. Limited research 
has been undertaken on their role under hydrolytic conditions [25, 26]. The present 
project will therefore examine the use of ethylene glycol (EG) and other solvents in 
the acid hydrolysis of carbohydrates. 
1.3 PURPOSES 
The research program aims to develop an environmentally friendly and 
effective solvolysis process for the production of levulinic acid (and other organic 
acids and furanics) from sugarcane bagasse. Specific research objectives include: 
1. Examine the conversion of glucose and xylose mixtures using sulfonic 
acid catalysts for the production of levulinic acid and furfural, and evaluate 
the extent of polymer residue formation.  
2. Study the hydrolysis of sugarcane bagasse using methanesulfonic acid. 
Examine the effect of pre-treatment, biomass composition, and particle 
size on product yield. 
3. Investigate the impact of using glycols as co-solvents for the acid-
catalysed conversion of sugarcane bagasse to levulinic acid and furfural. 
4. Investigate extraction processes for levulinic acid recovery.   
5. Design an overall process for the production of organic chemicals such as 
levulinic acid that can be integrated into a sugar factory or biorefinery.  
1.4 RESEARCH METHODOLOGY 
The research examines the production of levulinic acid (and other useful 
chemicals) from sugarcane biomass using environmentally friendly processes and 
conditions. This will help limit corrosion and waste disposal issues associated with 
homogeneous acid catalysts. Additionally, mild process conditions were targeted to 
reduce associated capital equipment, maintenance and energy costs.  The relationship 
between the project objectives is shown in Figure 1.1. 
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The experimental test program used a stepwise systematic approach by 
conducting dehydration/hydrolysis reactions on simple sugars, mixtures of sugars 
and finally complex carbohydrates.  A number of sulfonic acid catalysts were first 
investigated in the production of levulinic acid from simple sugars in order to 
identify which sulfonic acid type warrants further investigation.  Glucose and xylose 
(the two predominant sugars in biomass such as bagasse) as well as mixtures of these 
sugars were chosen for the initial screening of sulfonic acids. Acid hydrolysis studies 
were then extended to polymers such as cellulose and bagasse (treated or untreated) 
to examine the depolymerisation ability of the selected catalyst.  The impacts from 
pre-treatment of bagasse and the impacts of non-cellulose components on levulinic 
acid production were investigated. This provides a strategy to determine the different 
reaction pathways based on feedstock composition which is often neglected in the 
literature.  
CHAPTER 2: LITERATURE REVIEW
The conversion of lignocellulosics to levulinic acid. Biofuels, 
Bioproducts and Biorefining, 2011, 5: 198-214.
CHAPTER 5 : ACID-
CATALYSED SOLVOLYSIS OF 
CARBOHYDRATES
Production of organic acids and 
furanics from sugar cane bagasse. 
Pacific Rim Summit on Biotechnology 
and Bioenergy, 8-10 October, 2012 
Vancouver.
CHAPTER 4: ACID-
CATALYSED 
HYDROLYSIS OF 
BIOMASS
CHAPTER 3: CONVERSION OF 
SIMPLE CARBOHYDRATES
1.  A review on the production of 
levulinic acid and furanics from sugars. 
Proc. ASSCT, 2012.
2. Methanesulfonic acid-catalyzed
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CHAPTER 6: CONCLUSIONS
 
Figure 1.1 Flow diagram of the relationship between project objectives 
Statistical analysis was used to determine reaction conditions that could 
optimise product formation. Response surface modelling (RSM) methodology was 
adopted in this study to reduce the experimental loading required to gain 
understanding of the influence of operating variables on product yields. This is 
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beneficial with screening a large number of operating variables but does not provide 
extensive quantitative data required for development of reaction kinetics.  
A number of ‘green’ organic solvents were screened for their impact on yields 
of levulinic acid in the acid-catalysed conversion of carbohydrates. Ethylene glycol 
was selected for a more detailed investigation of the acid-catalysed solvolysis of 
bagasse.   
Ethylene glycol is a reactive compound which under acid hydrolysis can react 
with carboxylic acids to form esters, with carbonyl groups to form ketals and with 
itself to form oligomeric compounds such as diethylene glycol. Ketals are relatively 
unstable compounds, which can be formed in reasonable yields in the presence of 
high EG concentrations. However once isolated, ketals can be reconverted to the 
original carbonyl compound simply by modifying the reaction equilibria such as in 
the presence of excess water. All of these reactions are acid-catalysed equilibria and 
so the amounts of each class of compound can vary according to the conditions.  
Liquid-liquid extraction methods were investigated as an energy efficient 
means of selectively recovering products from hydrolysate mixtures.  
On the basis of these results, processing strategies were designed to target 
levulinic acid and furfural, and other chemical products from sugarcane bagasse. 
1.5 THESIS OUTLINE 
The background and context of the research is briefly described in this first 
chapter before outlining the aims and objectives, and general research methodology 
used to achieve the desired goals. A comprehensive literature review is provided in 
Chapter 2, which first introduces the versatility of levulinic acid and furfural as 
platform chemicals, presents a brief review of the chemistry of levulinic acid 
preparation from sugars, cellulose and biomass (including pre-treatment strategies to 
allow efficient processing of biomass sources), and provides a critical review of 
current technology and  identification of issues and limitations surrounding the 
commercial development of a biorefinery based on levulinic acid from 
lignocellulosic feedstocks.  The remainder of the thesis describes the different 
investigations conducted in this study. 
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In Chapter 3, the study on screening of sulfonic acid catalysts with comparison 
to sulfuric acid for the conversion of glucose and xylose and mixtures to levulinic 
acid, formic acid and furfural is presented. The study provides a small measure of 
novelty in that testing on mixtures of different ratios of glucose and xylose to 
examine the interactive effects of feed components on yields has previously not been 
reported. Optimisation of the operating parameters was performed using multivariate 
and statistical analyses.  Examination of polymer residues provides insight into the 
mechanisms of formation under different reaction conditions. 
In Chapter 4, acid hydrolysis studies conducted on bagasse with MSA are 
detailed. There has been limited work reported on the use of sulfonic acids for the 
production of levulinic acid from biomass, and even less for furfural production. 
Various types of pre-treated bagasse samples were tested to examine the role of pre-
treatment, including the impact of lignin and ash content, and particle size on product 
yields. Importantly, it was found that staged in-situ depolymerisation and dissolution 
of the solid feedstock provides an important function in maintaining low soluble 
sugar concentrations necessary for producing high levulinic acid and furfural yields.  
Liquid-liquid extraction results conducted using a range of organic solvents are 
also presented in Chapter 4. The performance of the solvents were evaluated on their 
ability to selectively recover organic acids (formic, acetic and levulinic acid) and 
furfural from hydrolysate mixtures while excluding the acid catalyst to allow it to be 
recycled.  
The use of organic co-solvents to improve the hydrolysis of bagasse to furfural 
and levulinic acid-based products is reported in Chapter 5.  On the basis of initial 
screening and solvent properties, ethylene glycol was chosen for more detailed 
investigation. Ethylene glycol functions as both a reactant and solvent. The use of 
ethylene glycol as a co-solvent in acid hydrolysis studies has not been reported for 
the production of levulinic acid and furfural under hydrolytic conditions. Through 
the use of detailed analytical methods, improved knowledge and understanding of the 
products formed during glycol assisted solvolysis of carbohydrates is gained in this 
work that has not been previously reported. Liquid-liquid extraction showed the 
recovery of EG esters were more readily achieved than organic acids from aqueous 
solutions and limited amount of glycol co-solvent was extracted into the organic 
phase.  
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A summary of the findings of the work are included in Chapter 6. The results 
were used to conceptually develop an overall process for the production of furanic- 
and levulinate-based products from bagasse that can be integrated into a sugar 
factory or a biorefinery. Finally, discussion of the conclusions and limitations drawn 
from the results are provided before providing recommendations for future research. 
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PREAMBLE 
Biomass represents an abundant and relatively low cost carbon 
resource that can be utilised to produce platform chemicals such as 
levulinic acid and furfural. Current processing technology limits the cost-
effective production of levulinic acid in commercial quantities from 
biomass. The production of levulinic acid and furfural is typically 
catalysed by mineral acids which have associated corrosion and waste 
disposal problems.  Corrosion issues could be minimised by developing 
environmentally friendly processes through the utilisation of less 
corrosive homogeneous acids or heterogeneous catalysts.  
The key to improving the yield and efficiency of production from 
biomass lies in the ability to optimise and isolate the intermediate 
products at each step of the reaction pathway and reduce re-
polymerisation and side reactions. The development of highly selective 
catalysts or solvent systems could provide the necessary step change for 
the optimisation of key reactions. A processing environment that allows 
the use of biphasic systems and/or continuous extraction of products 
would increase reaction rates, yields and product quality. The chemistry 
of levulinic acid synthesis is outlined in this chapter and current and 
potential technologies for producing levulinic acid from lignocellulosics 
are discussed. 
 
                                                 
 
2 Based on: Rackemann, D.W. and Doherty, W.O.S. (2011). The conversion of lignocellulosics to 
levulinic acid. Biofuels, Bioproducts and Biorefining, 2011, 5: 198-214. 
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2.1 INTRODUCTION 
The vast majority of synthetic products and chemicals are sourced from fossil 
fuels. However, utilisation of fossil resources is becoming unsustainable due to world 
population increases and modernisation, rising prices and decline of available fossil 
resources, government policy and negative environmental pressures (CO2 emissions) 
[1].  In contrast to other renewable energy resources (solar, thermal, tidal, wind, hydro 
etc), biomass is the only renewable resource of fixed carbon, which is essential for 
production of liquid hydrocarbon fuels and chemicals [2-5]. 
Nature produces over 150 billion tonnes of biomass per year by photosynthesis, 
with only 3-4% used by humans for food and non-food purposes [6]. Low value 
agricultural plants such as trees and grasses, energy crops and food crop by-products 
are a preferred source of biomass from both a techno- and socio-economical point of 
view, as the biomass feedstock does not compete with the food chain [7, 8]. A 
biorefinery approach with diversification into multiple products allows greater 
utilisation of biomass resources.  
Biorefineries have a similar objective to petroleum refineries in that they (1) 
fractionate the feed source; (2) convert intermediate fractions to products or chemical 
intermediates; and (3) further process the chemical intermediates to higher value 
products. In the case of biorefineries, various constituents of biomass can be made 
into useful platform chemicals through (bio-) chemical and thermochemical 
conversion steps [9]. Platform chemicals are building blocks that have multitudes of 
uses from nylons, synthetic rubbers, binders, resins, solvents, preservatives, 
neutraceuticals, herbicides, plasticisers, fuel additives and pharmaceuticals [9, 10]. The 
residues of biorefinery processing steps can be utilised for production of power and 
heat.  
As a sub-set of thermochemical conversion processes, liquefaction and 
hydrolysis processes are typically suited to wet feedstocks such as grasses, energy 
crops and food crop by-products. Thermochemical processes generally require 
shorter reaction times than biochemical conversion processes, from seconds to 
minutes rather than from days to weeks, and without the need of distillation for water 
removal result in a process with less energy input per unit of energy output [11]. 
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2.2 PLATFORM CHEMICALS 
National Renewable Energy Laboratory (NREL) identified a number of key 
sugar-derived platform chemicals that can be produced from biomass [12]. The 
product identification was proposed as a guide for research and reflects economics, 
industrial viability, size of markets, and the ability of a compound to serve as a 
platform for the production of derivatives. The list of target platform chemicals was 
refined in 2010 based on advances in technology developments [13] and is shown in 
Figure 2.1. The majority of the compounds are predominantly produced via 
fermentation pathways whereas those compounds that are shaded can be produced by 
thermochemical pathways. The polyols (e.g., sorbitol and xylitol) are mostly 
produced through catalytic hydrogenation of sugars [14] but can also be produced via 
biochemical pathways. Lactic acid can also be produced in the thermochemical 
conversion of biomass.  Organic acids such as levulinic acid and furans can be 
produced through acid-catalysed dehydration and hydrolysis of hexose and pentose 
sugars.  These are the predominant sugars found in the carbohydrate content of 
lignocellulosic materials (cellulose and hemicellulose) as well as other biomass 
sources (starch, chitin, etc).  
 
Figure 2.1 Top 10 chemicals produced from sugars [13] 
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The most prominent biofuel currently derived from carbohydrates is ethanol. 
As a low value fuel, ethanol is only mildly suitable due to low energy content, water 
contamination issues and high costs when produced from non-food competing 
cellulosic sources. A further inherent disadvantage of cellulosic ethanol is that one 
third of the available carbon is expelled as CO2 during the process although this can 
be utilised for other purposes.  Ethanol may offer more promise as a solvent or 
platform chemical, particularly targeting higher value products or in the mitigation of 
CO2 emissions [15].  
2.2.1 Organic acids 
Levulinic acid is an ideal platform chemical that can be utilised to produce a 
number of bio-chemicals as shown in Scheme 2.1 [16-19].  In the production of 
levulinic acid, reactive extraction methods can be used to produce levulinate ester 
products that are more easily separated from the reaction mixture and can be used as 
food, flavouring and fragrance agents [20]. Ethyl levulinate is used as an oxygenated 
additive [18]. Semi-commercial production of levulinic ester ketals have recently been 
achieved by Segetis [21]. Levulinic ketals are platform products that are considered 
more useful than levulinic acid due to their broad solvency, compatibility, 
functionality and exceptional hydrolytic and thermal stability which are desirable 
traits for polymer-based products [22]. Levulinic ketals are readily made by a three-
step process: acid hydrolysis of biomass to levulinic acid; esterification of the 
carboxylic acid functional group; ketalisation of the ketone functional group with 
glycerol.  
Levulinic acid can also be condensed with aromatic alcohols to produce di-
phenolic acid which is used in production of polymers, lubricants, fire-retardant 
materials, paints and a replacement for bisphenol A [16, 18]. Levulinic acid can be 
easily halogenated to yield organic halides such as 5-bromolevulinic acid that can be 
further converted to δ-aminolevulinic acid which are useful pharmaceutical agents 
and herbicides [16, 18].  
Some biofuel derivatives of levulinic acid such as GVL (in near quantitative 
yields [23, 24]) and MTHF (92 mol% yield [25]) can be readily blended with petroleum 
products to create cleaner-burning fuels with the advantage that they do not suffer 
from phase separation to become contaminated with water (c.f. ethanol). 
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Alternatively GVL can be converted to liquid hydrocarbon fuels by decarboxylation 
to butene and oligomerisation [26] or through esterification and hydrogenation to 5-
nonanone and subsequent conversion to alkanes (or alcohols) or alkenes [23, 27, 28]. A 
recently developed thermal deoxygenation process is able to convert levulinic acid to 
energy dense (low oxygen to carbon ratio) cyclic and aromatic products that may be 
easily upgraded to hydrocarbon fuels [29].  
Succinic acid can also be catalytically oxidized from levulinic acid in typical 
yields of 80 mol% [30] and is a versatile intermediate that can produce derivatives 
such as γ-butyrolactone (agrochemicals and pharmaceuticals), 1,4-butanediol 
(plastics, fibres, films and adhesives) and tetrahydrofuran (solvent for 
polyvinylchloride and intermediate for fibres and polyurethanes) [31].   
CH3
O
O
O
CH3
ethyl levulinate
OCH3 O
angelicalactone
OCH3 O
valerolactone
OH
O
OH
Osuccinic acid
OH
O
O
Br
5bromolevulinic acid
OH
O
O
OH
O
aminolevulinic acid
OCH3
OH
OH
 
NH
NH
 
O
O n
OH
O
CH2
acrylic acid
CH3
O
-
O
O
Na
+
sodium levulinate
ANTI-FREEZE AGENTS
PLASTICISERS
SOLVENTS
POLYMERS
FOOD, FLAVOURING AND 
FRAGRANCE COMPONENTS
RESINS
FUELS
CHEMICAL INTERMEDIATES
HERBICIDESPHARMACEUTICAL 
AGENTS
CH3
OH
O
O
levulinic acid
2-methyl-tetrahydrofuran
tetrahydrofuran
1,4-butanediol
Nylon 6,6 (polyamide)
CH3
OH
O
OHR
OHR
diphenolic acid
CH3
OH
OH
1,4-pentanediol
O
CH3 CH3
5-nonanone
O
 
Scheme 2.1 Levulinic acid as a platform chemical  
In acid-catalysed conversion of cellulose to levulinic acid, formic acid is co-
produced.  Formic acid is a low value commodity chemical used in production of 
formaldehyde, rubber, plasticisers, pharmaceuticals and textiles but in future may 
find increased utilisation in fuel cell applications,[32] as a feed source for hydrogen 
storage and production,[33] or used in the transfer hydrogenation of levulinic acid to 
higher value products [28, 34].  Formic acid salts have also been used as the hydrogen 
source for production of hydrocarbon fuels [35].  
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2.2.2 Furanics 
Furanics (furfural and HMF) are also versatile chemicals and can be readily 
transformed into solvents, acrylate and polyester monomers, pharmaceuticals and 
agrichemicals. Furans such as HMF (intermediate product of cellulose or hexose 
sugar conversion) and furfural (product of acid-catalysed hemicellulose or pentose 
sugar conversion) can be converted to kerosene and diesel range biofuels through 
condensation reaction [36-40]. Tetrahydrofuran derivatives can also be catalytically 
produced from carbohydrates by a combined acid hydrolysis and hydrogenation 
reaction using dual catalysts, MTHF from pentose sugars and 2,5-
dimethyltetrahydrofuran from hexose sugars) [41]. 
2.2.2.1 Furfural 
Furfural is a versatile industrial solvent produced in large quantities worldwide 
from the acid-catalysed dehydration of pentose sugars.  Most furfural produced is 
converted to furfuryl alcohol and while also a solvent, it is primarily used in the 
manufacture of foundry resins, adhesives, and wetting agents [42].  Furfuryl alcohol 
can also be produced directly from pentose sugars in a single biphasic reactor process 
utilising dual catalyst under hydrogen atmosphere [43]. Other furfural derivatives 
include agricultural chemicals (herbicides, insecticides and preservatives), perfumes 
and flavouring agents (furan, furanol, nitrofuran, furanone), plastics, resins and 
synthetic fibres (nylon), dyes, rubbers and paints [44]. 
2.2.2.2 HMF 
The major intermediate in the dehydration/hydrolysis production of levulinic 
acid from hexose sugars is 5-hydroxymethylfurfural (HMF). While HMF is unstable 
under acidic conditions, it can be catalytically converted to energy dense biofuels 
such as 2-methylfuran and 2,5-dimethylfuran in aqueous solvents [45] and 
heterogeneous catalysts or oxidised to highly functional monomers such as 2,5-
furandicarbaldehyde and 2,5-furandicarboxylic acid (FDCA) [46, 47]. Furfural has also 
recently been shown to be converted into FDCA in a multi-step reaction in yields of 
over 85% [48].  FDCA is a monomer for production of many polymers and has been 
touted as a green replacement for terephthalic acid and polyethylene terephthalate, 
principally used as a precursor to polyester for clothing and plastic bottles [46].  There 
have been numerous review conducted on the derivative products of HMF [47].  
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Recent research has uncovered acid-catalysed reactions for the selective 
production of halogenated furanics such as CMF [49] and bromomethylfurfural 
(BMF) [50]. These furanics are hydrophobic molecules allowing biphasic systems to 
be used to extract the furanic product in high yields. Furthermore, the molecules are 
very reactive and the conversion of halogenated furanics into various valuable furan 
moieties and levulinates has been demonstrated (see Scheme 2.2).   
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Scheme 2.2 HMF/CMF/BMF as a platform chemical 
Biorefinery platforms around acid-catalysed carbohydrate conversion are 
designed to target the production of fuels and/or chemicals. The Biofine process as 
one of the first semi-commercial biorefinery platforms, targets the production of 
chemicals: levulinic acid and furfural but also produces lower value formic acid and 
carbon-rich lignin char [18]. Other platforms based on solvent systems were 
developed to produce fuels rather than chemicals although they can be used to 
produce levulinic acid. These include aqueous phase reforming processes using a low 
viscosity solvent (GVL) that doubles as an intermediate product [51] and solvolytic 
approaches that produce a highly reactive intermediate such as CMF [49] which can 
easily be converted to numerous products. These solvent systems are based on simple 
and efficient solvent and catalyst recovery. 
2.3 BIOMASS 
Biomass is defined as any living matter on earth in which solar energy is stored 
[52]. Plants produce biomass continuously by the process of photosynthesis. 
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Lignocellulosics are a type of biomass, and consist mainly of: cellulose, 
hemicellulose, and lignin. Lignocellulosics can be grouped into four main categories: 
agricultural residues, dedicated energy crops, wood residues, and municipal paper 
waste [52]. Agricultural and wood residues have a major advantage over other 
lignocellulosic resources for biomass conversion in that they have infrastructure in 
place for collection, transport and processing and combined with their abundance 
represent a promising low cost feedstock for production of bio-based chemicals.  
2.3.1 Sugarcane 
Sugarcane is a prolific, fast growing crop with its high solar efficiency 
enabling a large production of biomass per hectare compared to other crops [53]. The 
sugarcane stalk consists of two main components, parenchyma cells and fibro 
vascular bundles.  The parenchyma cells are thin walled cells that store the sucrose 
that is synthesized in the leaves. The fibro vascular bundles transport food, water and 
sugars within the plant and provide the structural strength.  
In the sugar manufacturing process, sugarcane plants are harvested and 
transported to the factory where cane preparation and milling equipment break the 
structural order of the fibres to rupture the parenchyma cells and expose the sucrose 
for extraction. At the end of the milling process the remaining fibrous material, 
called bagasse (~25-30% of incoming sugarcane), is stored and used as fuel for 
combustion in boilers to generate process steam and electricity for the factory. 
Bagasse from the sugarcane milling process generally contains 44-53 wt% moisture, 
1-2 wt% soluble solids, 1-5 wt% insoluble solids (dirt and ash) and remainder 
lignocellulosic fibre [54].  Bagasse fibre has inherent advantages for subsequent 
processing as it has already undergone mechanical treatment to reduce particle size 
and increase surface area.  
2.3.2 Biomass constituents 
Biomass contains varying amounts of key organic polymers cellulose, 
hemicellulose and lignin and minor amounts of organic extractives (proteins, lipids) 
and inorganic materials (ash). The actual composition of lignocellulosic material 
primarily depends on plant variety, age and growth conditions [54]. The composition 
of various lignocellulosic materials is detailed in Table 2.1.  
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Cellulose is a high molecular weight linear polysaccharide of β(1→4) linked α-
D-glucopyranose as shown in Scheme 2.3 on a molecular level. The molecular size 
of cellulose is defined by its average degree of polymerisation (DP). Sugarcane 
bagasse has a DP between 800 and 1900 [55]. Cellulose chains are joined by a 
network of inter- and intra-molecular hydrogen bonding and van der Waals forces 
allowing formation of a relatively ordered structure into micro-fibrils [56]. 
Crystallinity is used to describe the order of this structure. The DP and degree of 
crystallinity of cellulose depends on the origin and pre-treatment of the sample. 
Table 2.1 Chemical analysis of selected lignocellulosic sources 
 Cellulose (wt%) Hemicellulose (wt%) Lignin (wt%) 
Agricultural residues 
(e.g., bagasse)  35-55 25-35 15-30 
Energy crops 30-50 20-40 10-20 
Wood residues 40-50 25-35 20-30 
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Scheme 2.3 Chemical structure of cellulose 
The micro-fibrils (non-uniform diameter in the range 3-20 nm) aggregate into a 
higher architecture of layers and structure (macro-fibrils) that define the morphology 
of cellulose. The higher order structure consists of non-uniform system of pores, 
capillaries, voids and interstices that determine surface area and accessibility of 
cellulose fibrils. The highly ordered structure and crystallinity of cellulose makes it 
resistant to hydrolysis, hence the need for acid catalysts. Cellulose undergoes thermal 
degradation at temperatures of 240-350 °C [57]. Cellulose is ordered into fibrils which 
are surrounded by a matrix of lignin and hemicelluloses [58]. In contrast to the ordered 
structure of cellulose, the character of hemicellulose and lignin varies with respect to 
biomass type [59]. 
Hemicellulose consists of a branched structure that provides an interpenetrating 
matrix to the cellulose micro-fibrils through hydrogen bonds and van der Waals 
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forces. With a lower DP (100-200), hemicellulose exhibits lower thermal stability 
than cellulose and degrades at 200-260 °C [57]. Hemicelluloses are complex 
polysaccharides, composed almost entirely of xylan, though arabinan, galactan and 
mannan are also present, and the core structure consists of a linear backbone of 
β(1→4) linked D-xylopyranosyl residues with an average molecular weight of 
10,000-30,000 [55]. Compared to other biomass sources, sugarcane hemicellulose 
comprises over 85% xylose and limited glucose [60].  
Lignin is regarded as a group of amorphous, high molecular weight, highly 
branched, substituted, mononuclear aromatic compounds. The quantity and structure 
of lignin vary depending on location within the plant.  The building blocks of lignin 
are believed to be a three-carbon chain attached to rings of six carbon atoms, called 
phenyl-propanes. There are three major phenyl-propane units, p-hydroxyphenyl (H), 
guaiacyl (G), and syringyl (S) which differ in O-methyl substitution of the aromatic 
ring. Sugarcane bagasse lignin has a higher content of H lignin compared to woody 
biomass [61]. Due to it non-specific structure lignin degrades over a large temperature 
range, 280-500 °C [57]. 
In a lignocellulosic material, lignin is incorporated into spaces around the 
fibrillar elements, forming lignocellulosic complexes [59]. Lignin is cross-linked to 
both cellulose and hemicellulose through combinations of hydrogen bonds, ionic 
interactions, ester and ether linkages and van der Waals interactions. According to 
solid-state NMR spectroscopy studies lignin is in closest proximity to hemicellulose 
[62]. The presence of lignin in lignocelluloses leads to a protective barrier that 
prevents plant cell destruction [59].  
Cellulose from biomass is deemed the cheapest form of glucose but availability 
is locked up in the lignocellulosic matrix resulting in large investment in processing 
equipment [63]. As a result of architectural features of lignocellulosics, one of the 
challenges is to develop cost-effective fractionation procedures for release of sugars 
from lignocellulosics.   
2.3.3 Biomass pre-treatment  
Lignocellulosic biomass is by nature recalcitrant to chemical or biological 
conversion. Pre-treatment processes are employed to improve biomass conversion, 
by fractionating the polymeric components and/or increasing the accessibility of 
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cellulose to reaction [64-66].  Increasing accessibility of cellulose can be achieved by 
reducing the DP and increasing porosity or accessible surface area. Removing 
hemicellulose and lignin from the lignocellulosic matrix will increase porosity of the 
cellulose [65]. 
Improving cellulose reactivity has been achieved by pre-treatment methods 
designed to disrupt the tight packing arrangement of cellulose fibrils in the 
lignocellulosic structure and can include mechanical methods to reduce particle size 
and increase surface area, and explosive depressurisation processes (e.g., steam, 
ammonia freeze and CO2 explosion) that swell and break up fibre bundles through 
rupturing weakly bound hydrogen bonding within the lignocellulosic material [67, 68].  
Other pre-treatment processes aim to facilitate fractionation of components and 
include thermal and chemical treatments. Thermal treatments involve using steam or 
liquid hot water (over short time) to solubilise hemicellulose and lignin components 
(although excessive conditions can risk formation of undesired polymerisation 
products) and can also be used in conjunction with chemical treatments [64-66].  
Common chemical methods used to fractionate biomass include dilute acid pre-
treatment (at low temperatures and short reaction times) to rapidly hydrolyse 
amorphous hemicellulose for its removal, concentrated acids that convert cellulose 
and hemicellulose into sugars and alkaline (i.e., caustic soda) or oxidative treatments 
to delignify and remove hemicellulose content to leave a predominantly cellulose 
pulp [65].  Organic solvents such as alcohols, polyols, ketones and dimethylsulfoxide 
(DMSO) have also been shown to effectively disrupt cellulose structure and dissolve 
lignin to promote hydrolysis especially when combined with an acid catalyst 
(organosolv process) [69]. These methods, however, are generally considered to be 
expensive and some solvents have high boiling points which add to energy 
requirements in solvent recycle.  
Recently, ionic liquids (IL) such as 1-butyl-3-methylimidazolium chloride have 
also been used to pre-treat lignocellulosics by decrystallisation of the cellulose 
component or solubilisation of lignin while keeping the cellulose fraction intact [70, 
71]. However, the costs of ionic liquids are currently prohibitive towards the 
development of commercial processes for the pre-treatment of lignocellulosics [72]. 
Beneficial pre-treatment strategies are those that can be undertaken at high feed 
loading and allow simple and efficient recovery of solvents and catalysts.  
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Combinations of solvents and pre-treatment technologies can overcome limitations 
of high costs of chemical or energy usage. 
2.4 CHEMISTRY OF LEVULINIC ACID FORMATION 
Levulinic acid (C5H8O3), also known as laevulinic acid, 4-oxopentanoic acid, 
β-acetylpropionic acid and γ-ketovaleric acid, is a water soluble, organic compound 
with a ketone and carboxylic group giving it a wide range of functionality and 
reactivity. The reactivity of levulinic acid makes it an ideal intermediate for 
production of useful derivatives but unfortunately inhibits its facile recovery.  
Girisuta has provided an extensive review of the various carbohydrate 
feedstocks used for the production of levulinic acid [8]. Levulinic acid production 
from carbohydrates involves dehydration of hexose sugars (such as glucose) to HMF 
which is hydrolysed to equal amounts of levulinic acid and formic acid as shown in 
Scheme 2.4.  The theoretical yield (100 mol%) of levulinic acid from hexose sugars 
is 64.4 wt% (71.6 wt% from cellulose/starch, 67.8 wt% from 
sucrose/inulin/cellobiose) or 70 wt% for HMF.  
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Scheme 2.4 Acid-catalysed decomposition of glucose to levulinic acid 
While it has long been known that levulinic acid can be produced from the 
acid-catalysed dehydration of carbohydrates (sucrose, starch or biomass), the main 
commercial method for production of levulinic acid in use today involves the 
petrochemical conversion route from maleic anhydride (sourced from oxidation of 
butane or succinic acid) [73] or hydrolysis of furfuryl alcohol [74, 75]. Petrochemical 
routes involve expensive feedstocks while hydrolysis of furfuryl alcohol is a 
reasonably energy intensive process in comparison to acid catalysis of biomass 
sources. While these conversion routes allow high purity levulinic acid to be 
produced they are more complex than acid catalysis of biomass and result in the 
relatively high market price of levulinic acid of >US$5/kg [73]. More recently multi-
step fermentation routes have also been proposed for the production of levulinic acid 
[76]. 
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2.4.1 Mechanistic and kinetic studies 
Research on cellulose and hexose sugar decomposition in hydrothermal media 
(sub- and supercritical water) with and without catalysts found that the main 
decomposition products were anhydro-sugars and sugar polymers (i.e., isomaltose, 
cellobiose), sugars (glucose, fructose, mannose), retro-aldol condensation products 
(erythrose glycoaldehyde, dihydroxyacetone, glyceraldehyde, arabinose) and their 
derivatives (pyruvaldehyde, lactic acid, formaldehyde), dehydration products (1,6-
anhydro-glucose, HMF, furfural) and their derivatives (levulinic acid, formic acid, 
1,2,4-benzenetriol), oxidation products (succinic acid, glycolic acid, acetic acid), 
solid precipitate (humic material) and gaseous products [1, 77-79]. Cellulose chain 
length can also impact on thermochemical conversion products through impact of 
end groups and this can explain the subtle differences in products observed from 
glucose and cellulose [80]. The main reaction pathways are illustrated in Scheme 2.5, 
although not shown is the humic (solid) formation. Small amounts of other products 
that have been determined in hydrothermal conversion of carbohydrates include 
acetaldehyde, hydroxyacetone, acetone, 5-methylfurfural and 2-acetylfuran [81]. 
Lactic acid is also known to degrade to acrylic acid and propionic acid [8]. Furfural 
(acid-catalysed dehydration product of pentose sugars) is also known to decompose 
like hexose sugars to formic acid and similar retro-aldol condensation and derivative 
products (glycolaldehyde, dihydroxyacetone, glyceraldehydes, pyruvaldehyde, lactic 
acid, formaldehyde) [82].  
A number of mechanistic studies have been undertaken on acid-catalysed 
conversion of hexose sugars to HMF [83] and subsequently to levulinic acid [84]. The 
proposed reaction mechanisms include isomerisation reactions between glucose and 
fructose via keto-enol tautomerisation with acyclic dehydration routes from the 1,2-
enediol intermediate and cyclic dehydration routes from fructose to HMF [85] The 
acyclic route is generally accepted as the prevalent mechanism based on the limited 
data obtained from mechanistic studies from glucose substrates [85] while cyclic 
routes preferentially prevail from fructose substrates [86]. The simplified reaction 
pathways are illustrated in Scheme 2.6 and also show two hydrolysis mechanisms for 
the subsequent degradation of HMF to levulinic acid [84].  HMF is generally unstable 
under acidic conditions and so rapidly degrades to form levulinic acid (and formic 
acid).  
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Scheme 2.5 Main reaction pathways of hexose sugar decomposition in 
hydrothermal media [1, 77, 78] 
The thermochemistry of conversion of glucose to levulinic acid through 
fructofuranosyl intermediates was investigated by Assary et al. [87] They found that 
the first two dehydration steps are highly endothermic likely indicating these to be 
key step in controlling the overall progress of reaction, while the other steps, 
including additional water elimination and rehydration to form levulinic acid, are 
exothermic. The dehydration reaction steps thermodynamically were predicted to be 
more favourable under elevated temperatures and aqueous reaction environments.  
The first stage in the production of levulinic acid from biomass involves 
cellulose hydrolysis, where the glucoside bonds between the α-D-glucose units need 
to be broken. The mechanism for C-O-C bond cleavage in cellulose involves 
protonation of glucoside bonds. The proton can either attack the oxygen bond 
between the two glucose units or the cyclic oxygen [2]. In addition to these two 
hydrolysis pathways Mok et al. [88] proposed another pathway that produces modified 
cellulose that is non-reactive in nature. The non-reactive cellulose is one limitation of 
using lignocellulosics in comparison to other feedstocks and highlights the 
importance of biomass pre-treatment to assist cellulose accessibility [89]. 
 Chapter 2: Literature Review 25 
 
- H2O
CHO
OH
OH
OH
CH2OH
O
H
O
OH
- H2O
CHO
O
OH
CH2OH
OHOH2C
HO OH
OH
CH2OH
- H2O
O
HOH2C
OH
OH
HOHC
OHOH2C
HO
CHO
H2O O CHO
OH
OH
O CHOCH2
OH
CHOCH3
OH
O O
CHOCH3
O O
H2O
- H2O
- H2O
- H2O
- H2O
H2O
O CHOCH3
OH
OH
- H2O
CH3
O
OH
OH
CH3
OH
O
O
CH3
O O
OH
OH
H2O
- HCOOH
(a)
(b)
CHO
OH
OH
OH
OH
CH2OH
CHOH
OH
OH
OH
OH
CH2OH
CHOH
O
OH
OH
OH
CH2OH
1,2-enediol
H2O
O CHO
OH
OH
- H2O
D-FructoseD-Glucose
HMF
Levulinic acid
(Formic acid)
 
Scheme 2.6 Reported reaction mechanisms for conversion of hexose sugars to 
levulinic acid [83-86] 
Hemicellulose and lignin components of lignocellulosics can also affect 
decomposition reactions.  The hexose sugars of hemicellulose can be converted to 
levulinic acid or other organic acids, while pentose sugars are converted to furfural. 
Acetyl groups associated with some hemicellulose components also commonly form 
acetic acid. The acid hydrolysis process also forms various acid soluble lignin-
derived components, increasing product complexity. The simplified acid-catalysed 
conversion of lignocellulosics to various liquid products is shown in Scheme 2.7.  
 26 Chapter 2: Literature Review 
The products (and intermediate products) from decomposition of lignin (as 
well as cellulose and hemicellulose) can re-polymerise to undesired soluble and 
insoluble-polymeric materials (humic substances) and are not shown in Scheme 2.7  
Humic substances are defined as highly degraded plant residues that can be further 
divided based on their solubility: humins (insoluble in base), humic acids (soluble in 
base) and fulvic acids (soluble in base and acid). The three fractions differ in 
molecular weight, ultimate analysis and functional group content [90]. Formation of 
humins is known to occur from furfural and HMF degradation through aldol addition 
and condensation [47]. Further degradation (increase in molecular weight) leads to 
formation of humic acids which are industrially described as char [18]. The cross-
polymerisation of acid soluble lignin and condensed sugars (oligosaccharides bearing 
reducing groups), glucose was found to be prevalent at low acid concentrations [91]. 
The formation of humic substances can reduce the energy efficiency of processes 
through reactor plugging, heat exchanger fouling and catalyst deactivation [92]. 
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Scheme 2.7 Simplified acid-catalysed decomposition of lignocellulosics [8] 
Many kinetic studies have been conducted on hydrolysis of various biomass 
materials to sugars and levulinic acid production.  Saeman [93] was one of the first to 
use a systematic approach to model hydrolysis of various wood materials to glucose 
and glucose decomposition in two consecutive first-order reactions. This approach 
was extended to the production of levulinic acid from glucose, cellulose and 
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biomass, and includes kinetics of the formation of intermediates and by-products as 
shown in Scheme 2.8 [94-100]. The kinetic modelling studies for biomass to levulinic 
acid suggest the reactions follow a pseudo–homogeneous (and partly irreversible) 
consecutive first-order reaction sequence.  However, kinetic rate-equations provided 
in literature are often valid for small temperature, substrate and/or catalyst 
concentration windows (typically limited to HCl and H2SO4). 
The reactions are assumed to be dependent on reactant concentration (Ri) with 
the rate constants (kiH and kiP) typically defined by modified Arrhenius equations [94-
100] using a power-law approach, including effects of temperature (T) and acid 
hydrogen ion concentration (AH+) or pH if hydrogen ion concentration is not 
quantified. A simplified expression for reaction rate is defined as follows [8]: 
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where σ and φ are the reaction order of reactant and acid hydrogen ion 
concentrations respectively; EiP and EiH are the activation energy of decomposition 
products and humic side reaction products respectively; and R is the universal gas 
constant. 
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Scheme 2.8 Reaction network for conversion of biomass to levulinic acid [8] 
 Girisuta used a correction factors (x) to account for the lower rate of 
depolymerisation of hexose sugars from biomass compared to reaction rate data 
previously determined for pure cellulose [8]. The lower rate is expected due to the 
matrix of the biomass (i.e., presence of lignin) and difference in cellulose properties 
(i.e., degrees of polymerisation and crystallinity). For homogeneous acid catalysis, 
literature shows lower EiP values to the corresponding EiH indicating the reaction 
favours formation of products (glucose, HMF and levulinic acid) rather than side 
reactions [8, 94-100]. The activation energy was also higher earlier in the reaction 
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sequence explaining the necessity of higher temperatures required for the initial 
depolymerisation and hydrolysis of biomass. Girisuta et al. [96] also found the 
formation of humin product had the highest activation energy signifying that higher 
reaction temperatures would increase the production of humins. 
Saeman [93] found that particle size of cellulose in the range 74-840 μm did not 
affect hydrolysis reaction rate, while Sharples [101] found that for pre-treated cellulose 
(cellulose treated with sulfuric acid at low temperature (80 °C) to remove amorphous 
content (~10 wt%)), crystallinity had an inverse relationship on hydrolysis reaction 
rate.  Xiang et al. [102] found that amorphous (or treated) cellulose had hydrolysis 
reaction rates two orders of magnitude higher than crystalline (untreated) cellulose. 
The effects of pre-treatment strategies have not been extensively assessed in kinetic 
studies of biomass decomposition.  
2.4.2 Pentose sugars 
An often overlooked pathway in the production of levulinic acid from 
lignocellulosics is derived from the pentose sugar content involving additional 
synthesis steps via the intermediate, furfural [103]. The theoretical yield (100 mol%) 
of furfural from pentose sugars is 64.0 wt% (72.7 wt% from hemicellulose). Typical 
commercial furfural yields of 50-60 mol% are obtained in acid-catalysed dehydration 
conversion of pentose sugars that proceeds through either cyclic or acyclic structures 
similar to hexose sugar dehydration pathways with cyclic pathways more 
energetically favoured [104]. The low commercial yields are due to furfural’s 
instability as auto-oxidation and decomposition from heat and acidic conditions 
contribute to loss reactions [105].  
Methods to improve furfural yields include continuously removing the furfural 
product from the aqueous acidic phase to stop the homo-polymerisation and 
condensation reactions which reduce yields. This has been achieved by numerous 
methods including: steam stripping (Suprayield commercial process),[106]  reactive 
distillation [107] and use of organic solvents [108] and biphasic systems [109-112] which 
allows furfural yields of >85 mol% to be achieved (up to 98 mol%). Other 
approaches such as utilising supercritical fluids (CO2) [106] or undertaking gaseous 
acid catalysis (using superheated steam and HCl vapour) [113] have also been shown 
to achieve furfural yields of >90 mol%.  
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Furfural can be catalytically reduced to furfuryl alcohol by a well established 
industrial process [103] (yields of >95 mol%) and further acid hydrolysis of furfuryl 
alcohol produces levulinic acid. The simplified reaction pathway is shown in Scheme 
2.9.  
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Scheme 2.9 Reaction pathway for conversion of pentose sugars to furfural 
and levulinic acid 
2.4.3 Reporting reaction yields 
Biomass conversion to levulinic acid (and furfural) is complicated by the 
method of reporting yields from these reactions, i.e., mol%, wt% or on a carbon 
basis. For simple sugar feedstocks, reporting yield in mol% is appropriate in terms of 
understanding the reaction. However, conversion of heterogeneous feedstocks (i.e., 
cellulose or biomass) where the number of monomer units is unknown may be 
difficult to report yields in mol% and so wt% yields are more commonly adopted. 
Yields in mol% are still adopted when using common analytical practices for 
reporting the amount of cellulose (or hemicellulose) in biomass.  
2.5 CURRENT RESEARCH ON PRODUCTION OF LEVULINIC ACID 
FROM CARBOHYDRATES 
2.5.1 Homogeneous acid catalysts 
The majority of research into levulinic acid production from carbohydrates has 
been conducted with mineral acid (in particular, Brønsted acids) catalysts. A number 
of researchers found the effectiveness of dilute mineral acids on production of 
levulinic acid from sugars were as follows HCl>H2SO4>H3PO4 which corresponds to 
the strength of their dissociation constants (pKa); HCl = -8, H2SO4 = -3 and H3PO4 = 
2.15 [114]. Interestingly, while nitric acid (pKa = -1.4) was found to be more effective 
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than other strong acids in hydrolysing sugarcane bagasse to sugars and conversion of 
hemicellulose to furfural, [115] it was not as effective in producing levulinic acid, 
indicating acidic strength is not the most important characteristic of the catalyst. 
Girisuta [8] found that nitric acid was able to convert HMF to a similar extent as other 
Brønsted acid catalysts, but the main products formed were formic acid, unidentified 
gaseous products and insoluble humins rather than levulinic acid. This may indicate 
the role of the anion in affecting activity-selectivity of the reaction pathway.  
A review of possible levulinic acid yields from different cheap and readily 
available feedstocks (including hexose sugars) is provided in Table 2.2 and show a 
limit of ~80 mol% yield can be obtained through optimised reaction conditions. The 
highest yields of levulinic acid result from bagasse, wheat straw and pulp. These 
materials would have undergone some form of pre-treatment allowing easier access 
to the cellulose component of biomass.  Depolymerisation has long been recognized 
as the bottleneck for the conversion of biomass to chemical products due to limited 
solubility of cellulose in aqueous solutions and high temperatures required [116]. This 
shows that biomass architecture and pre-treatment can impact favourably on 
cellulose accessibility and resulting process yields. This is also exemplified by the 
lower comparative yields of water hyacinth and marine algae. The variability of yield 
data also reflects different processing conditions (i.e., heating rates), analytical 
techniques and reactor design employed in each of the laboratory studies. These 
factors will influence the ability to replicate high yields on an industrial scale. Xiang 
et al. [91] found metal and/or metal ions such as iron and stainless steel can enhance 
glucose decomposition (whereas Copper and Hastelloy had little affect); thus, reactor 
material must be carefully selected.  
Strong organic acid have also been investigated for the production of levulinic 
acid from carbohydrates. Sulfonic acids have been investigated in the liquefaction of 
biomass in aqueous [122] and organic media [123, 124]. Recently sulfur dioxide (SO2) 
dissolved in hot water has also been demonstrated to catalyse the conversion of 
cellulose to levulinic acid. The SO2 acts as a Lewis acid to break the hydrogen 
bonding in cellulose as well as ionising the water for dehydration. The recovery of 
SO2 can also be achieved easily via steam stripping [125]. 
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Table 2.2 Yield of levulinic acid from various raw materials 
Feed 
Cellulose 
content 
(wt%) 
Acid and 
concentration
(wt%) 
Operating 
temperature (°C) 
Yield a 
(mol%) Ref. 
Glucose - 5% H2SO4 170 80.7 [94] 
Starch - 6% H2SO4 200 66.4 [114] 
Paper 85 >5% H2SO4 <240 59.8 [117] 
Pulp residues 80 1-5% H2SO4 
1st stage: 210-230 
2nd stage: 195-215 
70-80 [118] 
Wheat straw 40 4.5% HCl 220 79.6 [75] 
Sorghum grain 73.8 8% H2SO4 200 45.6 [119] 
Bagasse 42 4.5% HCl 220 82.7 [75] 
Water hyacinth 26.3 10% H2SO4 175 53.0 [120] 
Marine algae 74b 3% H2SO4 160 28.0 [121] 
a Based on theoretical yield of conversion of cellulose/hexose sugars. 
b Carbohydrate content comprising of fibrin (cellulose type compound) and galactan (hexose sugar). 
Numerous investigations have been undertaken to determine the effect of 
processing conditions on reaction yields. In order of proposed importance according 
to Chang et al. [126] these include:  
 Acid concentration. Reaction yields increase with acid concentration up to a 
critical concentration limit which depends on other processing conditions and 
feedstock [75]. Generally too aggressive conditions lead to a higher prevalence 
of side reactions and re-polymerisation of products and intermediates with 
optimal acid concentration found to vary between 2.5 and 10 wt% [75, 114, 118-
120, 126]. Higher acid concentrations also complicate product recovery [114].  
 Temperature. Generally the yield of levulinic acid from biomass increases 
with increasing temperatures in the range 150-230 °C with many researchers 
finding an optimum temperature of 200-220 °C and relatively short reaction 
time (<1 h) [75, 114, 117-119, 126, 127]. These findings were generally consistent with 
low feed loadings (3-5 wt%). It was noted that the rate of reaction was further 
accelerated at temperatures above 220 °C but the levulinic acid product was 
partially dehydrated to unsaturated lactones above 230 °C leading to 
formation of other humic products [75]. However, other researchers processing 
biomass loadings of 10 wt% found that optimal levulinic yields were 
achieved at 150 °C and long reaction times (>5 h) [96, 128]. The optimised 
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yields at lower temperatures are ascribed to the kinetics of formation of 
humin product at high temperatures particularly for high solids loading.  
 Solvent concentration. Too much or too little amounts of solvent (water) can 
inhibit the hydrolysis process and the optimal concentration was also found to 
depend on acid concentration but generally was >90 wt% [126]. Ideally low 
liquor to biomass ratio will also aid process efficiency and product recovery.  
 Reaction time. The effect of reaction time on yield was found to be dependent 
on the intrinsic composition of the cellulose content of the biomass source [75]. 
Prolonged reaction times (>45 min) at high temperatures cause additional by-
product formation [75].  
There is a time/temperature relationship whereby lower acid concentrations 
require more extreme conditions and longer times for cellulose depolymerisation. 
Stronger acid may reduce the costs associated with higher-pressure vessels, but are 
negated by the impact on equipment corrosion [18]. The kinetic investigations 
reported in the literature show that process temperature is important in achieving 
optimal levulinic acid yields but this is closely linked to acid concentration and feed 
loading which influence various side reactions.  However, the heating time may also 
play a vital role as condensation reactions (such as humin formation) can be limited 
by short heating times.  
An often overlooked step in the development of biomass conversion 
technologies is the interactive effects of feed components [129].  The presence of non-
cellulose components (hemicellulose and lignin) can impact on the yields of levulinic 
acid. Lignin decomposition products can re-polymerise to undesired insoluble-
polymeric materials. HMF and furfural (product of hemicellulose conversion) also 
condense with other components to form insoluble humin materials. Runge and 
Zhang [130] found that a two-stage conversion process consisting of a mild acid 
extraction to remove the majority of the pentose sugar while maintaining the hexose 
sugars in a solid form which were subsequently converted into levulinic acid 
improved levulinic acid yield markedly over a single stage process. 
In the present project a better understanding of the interactions of feedstock 
components will be evaluated using various ratios of glucose and xylose being 
representative of biomass of different compositions.  
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2.5.2 Catalytic salts 
Chloride ions are known to disrupt hydrogen bonding of cellulose to improve 
depolymerisation (or reduce required reaction temperature) and hence are often 
described as having catalytic effects [131].  Studies on dehydration of hexose sugars 
using HCl as the catalyst found the presence of chloride salts enhanced the reaction 
rate and increased the yield of levulinic acid [83]. Chloride ions were also able to 
improve the selectivity and rate of xylose decomposition to furfural and hence reduce 
the amount of mineral acid catalysts required [132]. 
Peng et al. [133] examined different alkali, alkaline earth, transition, and 
aluminium based metal chlorides on catalytic conversion of cellulose to levulinic 
acid at temperatures of 180-220 °C without acid. The results showed that transition 
metals (chromium, copper, iron) and aluminium chlorides exhibited high catalytic 
activity with chromium chloride able to produce 67 mol% yield of levulinic acid 
after 3 h (200 °C with 0.02 M catalyst concentration and 5 wt% cellulose).  
2.5.3 Heterogeneous catalysts  
Heterogeneous catalysts represent a viable alternative to homogeneous 
catalysts and may offer an environmental advantage due to their selective and easy to 
handle nature, reduced equipment corrosion issues and relatively low cost if the 
catalyst can be easily separated and recycled [134]. Table 2.3 summarises the limited 
studies conducted on synthesis of levulinic acid using solid acid catalysts from 
various feedstocks. Until recently low yields and reaction rates were obtained and 
prolonged reaction times were required to get reasonable quantities of levulinic acid. 
Girisuta [8] conducted adsorption experiments and found that levulinic acid can be 
heavily absorbed onto the catalyst surface reducing the amount of product recovered.  
The use of LZY zeolite catalyst for formation of levulinic acid from fructose 
achieved the highest yields of up to 43 mol% [135].  Corma et al. [5] are of the view 
that selectivity of the zeolite catalyst to levulinic acid formation may be due to 
reactions occurring within pores of the zeolite in addition to those occurring on the 
outer surface of the zeolite particles. As shown in Table 2.3 very poor results were 
obtained for glucose and cellulose implying that the same could be obtained with 
lignocellulosics. A hybrid catalyst comprising chromium chloride (CrCl2) and HY 
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zeolite was able to produce yields of ~55 mol% from glucose and 53-66 mol% from 
biomass [136] suggesting dual functionality may provide the key to improving yields.  
Water soluble sulfonated hyper-branched polymers (WS-SPoly) were found to 
demonstrate superior catalytic performance in terms of activity and selectivity 
compared to conventional solid catalysts [137]. These catalysts were able to produce 
yields of 70 mol% and 76 mol% levulinic acid from fructose and HMF respectively 
and were able to be recovered by ultrafiltration. However the sulfonated polymer 
catalyst was not able to produce high yields of levulinic acid from more complex 
biomass feeds.  
Recently Chen et al. [138] found a solid super-acid (S2O42-/ZrO2-SiO2-Sm2O3) 
could be utilised under optimal conditions to obtain 70 mol% yield of levulinic acid 
from steam treated rice straw (200 °C and 10 min). However to ensure high catalytic 
activity the biomass had to be ground to a very fine particle size, which represents an 
energy intensive pre-treatment step for an industrial process. Magnetic solid acids 
based on mesoporous silica and magnetic nanoparticles were able to produce 
levulinic acid in reasonable yields (54%) from 10% loading of cellulose [139].  The 
magnetic property would aid recovery of the catalyst following reaction as other 
insoluble products (un-reacted feed, humins etc) can complicate catalyst recovery.   
Table 2.3 Heterogeneous acid-catalysed production of levulinic acid 
Feed Catalyst 
Conc. 
(wt%) 
Process conditions Yield 
(mol%) 
Ref. 
Temp. (°C) Time (h) 
Fructose 
Amberlite IR-120 
LZY-zeolite 
WS-SPoly 
19 
50 
2 
25 
140 
165 
27 
15 
1 
23.5 
43.2 
70.0 
[140] 
[135] 
[137] 
Glucose 
Amberlite IR-120 
Clay-catalyst 
HY-zeolite 
CrCl2 + zeolite 
19 
3 
3 
12 
25 
150 
150 
145 
124 
24 
24 
2.5 
5.8 
12 
6 
55.2 
[140] 
[141] 
[141] 
[136] 
Cellulose 
Nafion SAC-13 
SBA-SO3H 
3 
10 
190 
180 
24 
3 
9 
54 
[142] 
[139] 
HMF 
ZSM-5 
WS-SPoly 
5 
2 
116 
165 
2 
1 
70.0 
75.9 
[8] 
[137] 
Rice 
straw 
S2O42-/ZrO2-SiO2- 
Sm2O3 
13.3 200 0.2 70.0 [138] 
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The activity of heterogeneous catalysts can be restricted by mass transfer 
limitations when converting solid feedstocks so Huber et al. [143] proposed a two-
stage reaction process. In the first stage, cellulose was converted to soluble 
compounds under non-catalytic hydrothermal conditions and in the second stage, the 
soluble compounds were reacted with the solid acid catalyst, Amberlyst-70. While 
this approach allowed high cellulose loadings to be processed (~30%), levulinic acid 
yields of only 28 mol% were achieved. As an alternative to direct production of 
levulinic acid, simple alcohol systems and heterogeneous catalysts with sulfonic acid 
functionalized groups have been used to produce levulinic acid and its ester from 
glucose in high yields but extension to more complicated feedstocks like cellulose 
resulted in very low yields due to insufficient access of the feed material to the 
catalyst [144, 145]. 
Heterogeneous catalysts have also been utilised to produce HMF with high 
yields achieved through suppression of HMF hydrolysis reactions by using non-
aqueous solutions [85, 146-148]. Shimizu et al. [149] used Amberlyst-15 with small 
particle sizes (0.05-0.15 mm) in the presence of DMSO to convert fructose in 
100 mol% yield by conducting dehydration reaction under a slight vacuum to 
continuously remove water which also assisted in the suppression of HMF hydrolysis 
to levulinic acid and condensation of intermediates.  This approach and others, offer 
potential for multi-stage processes using different catalyst/solvents to enable 
optimised and selective production of HMF from biomass and subsequent conversion 
to levulinic acid in high yields.  
Some heterogeneous catalysts require low operating temperatures, and while 
this can minimise process energy requirements, it comes at the detriment of longer 
reaction times. One of the major scientific challenges is the development of selective, 
stable and active catalysts able to convert biomass without the need for particle size 
reduction to overcome mass transfer limitations and to reduce humin formation 
which may block catalytic sites [150].  
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2.5.4 Solvolysis 
Solvolysis3 liquefaction is a chemical treatment technology using specific 
organic reagents with or without catalysts where the solvents alter the properties of 
the reaction mixture to promote more selective reactions.  In comparison to 
hydrolysis, solvents can play an important role in hydrogen transport and are known 
to be effective in allowing reactions to occur at lower temperatures (or at faster rates 
reducing required reaction time) due to their high dielectric constant. The high 
dielectric constant increases acid potential of the catalyst. Lower reaction 
temperatures may also avoid solvent degradation reactions [151].  Additionally 
specific solvents that do not generate by-products in acidic media and can also 
stabilize products will lead to development of more sustainable processes [152]. 
There are numerous biomass solvolysis liquefaction studies [123, 153-158] where 
levulinic acid is reported as a product, albeit in low yields. These studies included 
reagents such as phenol, glycerol, simple alcohols, polyols and cyclic carbonates 
used in conjunction with homogenous acids (H2SO4, H3PO4, sulfonic acids) and 
concentrated on maximising liquefaction conversion (reducing solid residue) to 
produce multiple products rather than maximising levulinic acid yields (one study 
reported a levulinic acid yield of 21.1 wt% from cellulose [158]).   
In the direct alcoholysis of carbohydrates the alcohol performs as both solvent 
and reactant and HMF ethers can also form [159].  For some alcohols, varying the 
process conditions (amount of water, type of solvent and catalyst) can provide 
monophasic or biphasic conditions which can allow the process to target either the 
HMF ether [160] or levulinate product. The use of biphasic systems can allow high 
carbon yield in the products of up to 90 mol% [161]. The enhanced yields achieved 
could be partially due to the suppression of humin formation caused by the solvent 
[145]. The operating conditions also determine the amount of levulinic acid also 
formed as the esterification is an equilibrium limited reaction.  
The use of simple alcohols was found to reduce polymerisation reactions by 
protecting the carbonyl group through producing ethers and acetals of intermediate 
products (especially sugars and furanics) which diminished their predominance to 
                                                 
 
3 Solvolysis involves a substitution or elimination reaction using a solvent which is typically an 
organic reagent. If water is used as the solvent, it is termed hydrolysis. 
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oligomerisation and polymerisation reactions [145].  In this present project, ethylene 
glycol will be evaluated as a co-solvent to determine if it has a similar impact on 
reducing polymerisation reactions as simple alcohols. 
2.5.4.1 GVL platform 
An alternative ‘green’ solvent is GVL, the hydrogenated derivative of levulinic 
acid, and it is especially useful as a solvent due to its thermal stability and solvation 
properties [162]. It is water miscible and readily dissolves lignin and humins (acid 
insoluble products) which would allow reactor processing issues (fouling and 
blocking) to be overcome and its facile use in processing wet feedstocks [108, 163]. 
While lignin precipitates from GVL solutions with the addition of water, conceivably 
residue may build up in the solvent after numerous recycling so purification may be 
required. GVL is produced in near quantitative yields by hydrogenation of levulinic 
acid over heterogeneous noble metal catalysts [24, 164]. Ruthenium based catalysts 
have been developed where the catalyst both reduces levulinic acid and simultaneous 
decomposes formic acid to H2 to be used as the hydrogen source for levulinic acid 
hydrogenation [34, 115]. However, by not requiring an external solvent allows 
purification and separation issues associated with industrial processes to be 
overcome. The main drawback of production of GVL is the use of noble metal 
catalysts, which may cause cost issues associated with cost and metal scarcity.[51]  
GVL can be used as a reaction solvent in a monophasic system or as an 
extraction solvent for levulinic acid (and formic acid) and furfural in biphasic 
systems [108, 165].  The use of GVL and water (80:20 wt%) was able to produce 
levulinic acid from the cellulose fraction of corn stover in yields of 66 mol% using 
sulfuric acid at 170 °C [108]. Under other conditions GVL with water as a co-solvent 
was able to produce furfural from the hemicellulose fraction of corn stover in yields 
of 96 mol% [108]. This new technology shows potential in that it can produce similar 
overall product carbon yields to best practice cellulosic ethanol technology (86% 
conversion of cellulose and 64% conversion of hemicellulose to ethanol) [166] and the 
products are of higher value than ethanol.  
A heterogeneous acid catalyst (Amberlyst-70) was also able to convert 
cellulose to levulinic acid in yields of 69 mol% in GVL-water systems [163]. A small 
amount of water was found to be beneficial to the process but to achieve these high 
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yields, reaction times of over 4 h were employed. The catalyst lost activity with reuse 
unless a simple regeneration step (washing with dilute hydrogen peroxide) was 
employed. In addition, GVL swells the solid catalyst structure, thereby improving the 
cellulose diffusivity through the pores and increasing the catalytic activity [167]. The 
use of GVL has not been extensively tested on lignocellulosic feed stocks, so further 
research is required to increase yields and selectivity if the solvent and 
heterogeneous catalysts are reused multiple times. 
2.5.5 Catalyst and product recovery 
The reactivity of levulinic acid and catalysts used as well as by-products 
present in the final reaction mixture can inhibit facile recovery of levulinic acid and 
impact on process yields. Depending on feedstock, isolation and purification of 
levulinic acid can be complicated by the presence of intractable materials [13]. 
Filtering or activated carbon adsorption is also generally used to remove lignin and 
polymeric materials prior to more advanced separation of the target products [168]. 
Volatile acid catalysts (e.g., HCl) provide the simplest levulinic acid recovery 
process and involve filtering to remove solids and atmospheric/vacuum distillation 
and steam stripping. This process allows 90-95% of the acid catalyst and water to be 
recycled to achieve levulinic acid of 95-97% purity [169, 170]. Alternatively, the acid 
catalyst can be neutralized and removed as a salt but the ability to recycle catalysts is 
beneficial for cost-effective production processes. Lignin and ash react with acid 
catalysts during biomass deconstruction, neutralizing part of the catalyst, thereby 
contributing to a small loss of catalyst that can’t be recycled. Heterogeneous acid 
catalysts by far offer the simplest catalyst recovery. If not immobilised, the catalyst 
can often be recovered simply by filtration. However heterogeneous catalysts may 
require separation from other insoluble products (un-reacted feed, lignin, humins etc) 
or regeneration to remove polymeric species to ensure catalytic activity is 
maintained.  
For less volatile acid catalysts (e.g., H2SO4), solvent extraction, or reactive 
extraction separation methods have been employed as a means to improve separation 
and purification of levulinic acid. Solvent extraction of levulinic acid has been 
achieved in alcohols, ethers, esters, ketones, furanics and other organic solvents [171-
174]. Reactive extraction methods have used alkaline earth hydroxides (lime or other 
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cheap natural carbonates or earth muds) [175] and water-immiscible alcohols that act 
as both esterifying agent and solvent removes the need for additional solvents and 
processing [20]. Furthermore it is claimed that processing (neutralization) of the 
esterification reaction mixture to recover/remove the acid catalyst is not required 
(less waste) allowing the acid catalyst-water mixture to be recycled and the 
levulinate ester product is a useful chemical products in its own right.  
Distillation processes are generally used to separate lower boiling organic acids 
(acetic and formic) and furfural with multiple columns required to achieve high 
recoveries [111]. Organic acids can also be recovered using ion exchange resin 
treatment [168]. Simulated moving bed chromatography using multiple 
chromatographic columns has also been reported to recover levulinic acid and other 
acids (i.e., maleic, fumaric and succinic acids) in high purity [117]. One drawback of 
homogeneous acid-catalysed processes is the corrosive reaction conditions requiring 
special materials for reactor construction and chemical recovery systems increasing 
capital and operating costs. Also, depending on the recovery process of levulinic acid 
significant amounts of waste are produced causing environmental pollution.  
2.6 OTHER TECHNOLOGIES 
The following section highlights several alternative technologies to acid 
hydrolysis that could be applied to production of levulinic acid from lignocellulosics. 
These technologies are in their infancy compared to well-established homogeneous 
and heterogeneous acid catalysis research but show potential from application with 
simple sugars as the starting material.  Currently these technologies would require an 
initial conversion step to supply sugars but further development may allow 
hydrolysis and dehydration of biomass and lignocellulosic materials to be 
implemented in a single reaction stage. These solvent technologies have yet to be 
applied to levulinic acid production but are able to produce HMF in high yields 
showing potential that a multi-stage process will improve the overall process of 
converting lignocellulosics to levulinic acid. As with conventional acid hydrolysed 
processes, these alternative solvent based processes that are designed to produce 
HMF from the hexose component of lignocellulosics will also convert the pentose 
sugar component to other products such as furfural in significant yields [176-182]. 
Furthermore for biphasic systems both HMF and furfural are extracted to the organic 
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phase allowing easier separation [176, 181]. The co-production of other valuable 
commodities such as furfural would contribute to a sustainable and cost-effective 
process by greater utilisation of feedstock.  
2.6.1 Non-aqueous and biphasic media 
Solvents can also be used in biphasic systems which allow products to be 
selectively isolated from the reaction mixture preventing re-polymerisation reactions 
and improving recovery efficiency. Under laboratory conditions, such biphasic 
systems have been used to convert fructose to HMF in high yields with homogeneous 
catalysts [151, 180, 183] and ILs [176-178, 184]. The solvent was utilised to suppress 
subsequent conversion to levulinic acid.  
2.6.1.1 Chloromethylfurfural platform 
Halogenated furanics such as CMF can be produced in biphasic systems in 
high yield when a halogenated organic solvent and/or inorganic halide salt [185] is 
employed. Yields of 95 mol% were achieved from fructose using concentrated HCl 
in chlorobenzene when reacted at 75 °C for 1 h [186]. As CMF is hydrophobic it 
readily sequesters into the organic solvent but vigorous mixing is required. However, 
vastly inferior yields were achieved with glucose and carbohydrates.  
Mascal and Nikitin [187] were able to convert glucose, sucrose, cellulose (10 
wt% loading) to CMF in yields of >88 mol% using concentrated HCl and the low 
boiling organic solvent, dichloroethane (DCE) from three extractions (1 h x 3) at 
100 °C. Small amounts of levulinic acid were also recovered. Slightly lower yields 
were achieved from corn stover (79 mol% yield at 10 wt% substrate loading) [187]. 
The process also converted the hemicellulose content of carbohydrates to furfural in 
40 mol% yields (68 mol% yield from xylose) as measured by products extracted into 
the organic phase [188]. 
A continuous biphasic flow process was also shown to produce 60-80 mol% 
yields of CMF from fructose, glucose and sucrose using dichloromethane (DCM) 
and DCE at temperatures of 100-120 °C and reaction times of ~1-5 min [189]. Lower 
yields to those achieved by Mascal and Nikitin [187] may have resulted from the lack 
of mixing reducing biphasic extraction effectiveness. Un-reacted sugars were also 
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observed in the aqueous fraction after separation. As the reaction system could only 
handle liquid feeds, extension to biomass could not be undertaken.  
CMF is very reactive and can be converted into HMF (86 mol% + 10 mol% 
levulinic acid), levulinic acid (91 mol%) and ethyl levulinate (85 mol%) [49].  
2.6.2 Supercritical fluids 
Supercritical fluids are another class of solvents with interesting features that 
can be used to enable more selective reactions and efficient separation of products. 
Despite having low solvent toxicity and environmental impact, supercritical fluids 
can exhibit both acidic and basic properties. Low surface tension and viscosity 
allows greater solvent penetration and diffusivity in supercritical fluids. The mutual 
solubility of CO2 and alcohols leads to the in situ formation of alkyl carbonic acids 
which allows for enhanced reaction rates [190]. A review of the use of sub- and 
supercritical water to produce HMF from sugars, gave low yields [46]. However, 
Bicker et al. [191] was able to achieve >75 mol% yield of HMF from fructose using 
super-critical acetone.  
Supercritical CO2 has also been used to continuously extract furfural from acid 
hydrolysis of biomass in higher yields (~90 mol%) than conventional reactions [192]. 
The supercritical fluid acts as a solvent to separate the product from the reaction 
mixture to suppress unwanted side reactions that would otherwise reduce yield. 
However, the process requires substantially higher operating pressures than 
conventional processes warranting higher equipment costs.  
The use of water and supercritical CO2 as alternative reaction media are 
interesting in the context of biomass conversion as they are formed as by-products 
and the feedstock is ultimately derived from these raw materials and in many cases is 
dissolved in water [193].  
2.7 MANUFACTURE OF LEVULINIC ACID 
2.7.1 Current technology 
The first commercial production of levulinic acid typically involved the acid 
hydrolysis of starch [194] or sugars (i.e., sucrose, fructose) [16].  However, these 
aqueous processes result in difficulties in recovering high purity levulinic acid. The 
main commercial method for production of high purity levulinic acid in use today 
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involves the conversion of furfuryl alcohol [74, 75] (Scheme 2.9) or petrochemical 
routes (i.e., from maleic anhydride [73]). These conversion routes are complex and 
feedstock cost is high, resulting in a relatively high market price of levulinic acid 
(>US$5/kg) and small market size (<5 t/y) [73]. 
2.7.2 Biofine process: Semi-commercial technology 
One of the reasons why levulinic acid has not been produced in large 
commercial quantities is the cost of the raw materials used for its synthesis. Cheap 
feedstocks are required as techno-economic evaluations show that raw materials are 
the largest cost contributor to the production process [195]. This is currently been 
addressed with investigations on cellulosic feedstocks such as lignocellulosics and 
municipal solid waste as suitable and cheap sources of sugars [2].  Other reasons for 
the limited manufacture of levulinic acid include the following [12, 13, 18, 117]: 
 Low yield. This is due to inherent physical properties of levulinic acid which 
do not allow for its efficient recovery.  In addition, the non-selective nature of 
mineral acid catalysts results in undesired side reactions and re-polymerised 
products at each step of the reaction pathway. 
 Equipment costs. Expensive construction material for both reactor and acid 
recovery plant. 
 High temperatures are required to convert feedstocks resulting in high energy 
input. 
 Waste disposal issues or high operating costs for catalyst recovery. 
The most promising semi-commercial process utilises the Biofine™ 
technology developed by Fitzpatrick [118] and involves a two-stage acid-catalysed 
reaction process (Figure 2.2) to optimise process conditions [18].  In the first plug 
flow reactor the feed is dehydrated to HMF at between 210-230°C (>3 MPa) for less 
than 30 s.  Levulinic acid is produced in the second reactor at 195-215°C (~1.5 MPa) 
for 15 to 30 min. The reaction conditions in the second reactor are such that formic 
acid and furfural are kept in the vapour phase to allow simple separation of these 
products. The variation in reactor volumes (residence times) reflects the fast 
cellulose conversion into sugars and subsequent slower sugar conversion into 
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levulinic acid and the reactor system design minimises conditions amenable to side 
product formation. 
Reactor 1
• Plug flow 
• 210 to 230 °C
• 20 to 60 s
Lignocellulosic 
feed
Feed 
preparation
Mixing
Reactor 2
• Continuous 
stirred 
• 195 to 215 °C
• 15 to 30 min
Flash tank
Solids 
separation
Product 
extraction
Product 
purification
Furfural / 
Formic acid 
recovery
Char
Other 
products
Levulinic 
acid
Hydrolysate recycle
Steam
Sulfuric acid 
make-up
 
Figure 2.2 Schematic of the Biofine process [171] 
Industrial production technology patented by the Biofine Corporation 
eliminates some of the existing problems associated with levulinic acid production 
through reactor design and operating under conditions that largely suppress 
formation of by-products and achieve high yields of products. The small reactor 
volumes in the Biofine process minimise expensive, corrosion resistant materials 
reducing the high equipment costs associated with mineral acid processes, but some 
waste disposal is still necessary and the process uses significant amounts of steam.  
The Biofine™ process co-produces other valuable commodities including 
formic acid, furfural and carbon-rich lignin char. This inherent flexibility and non-
dependence on a single product contributes to a sustainable and cost-effective 
process. The Biofine process has only found application in niche markets partly due 
to the fact that it uses negative value feedstock (wastes). However, availability of 
negative value feedstocks is limited and the expansion of levulinic acid markets will 
require (i) utilisation of abundant and low cost agricultural crops, residues or wastes; 
and/or (ii) improved processes to increase yield and efficiency.  
2.8 CONCLUSIONS 
The production of chemicals from biomass represents a major challenge 
because of the complex nature of the biomass substrate and non-cellulose 
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components. Product yields and process viability is enhanced if the hemicellulose 
content is also utilised (i.e., furfural).   For levulinic acid or its derivatives to replace 
hydrocarbon-based products requires a high yielding and high efficiency 
manufacturing process with low operating and capital costs and simple product and 
catalyst recovery.  
As the conversion reaction of biomass to levulinic acid proceeds through a 
number of pathways involving multiple steps and intermediates, a multi-stage 
process with individual synthesis steps optimised for high yields may provide the key 
to improving overall process yields and efficiency. Although multi-stage processes 
may be more complex, continuous processes and optimised reactor designs can be 
very effective in minimising labour, maintenance and energy costs associated with 
comparable batch operations. Additionally, the development of more selective 
catalysts (and solvent systems) remains a key technical barrier to improve existing 
and new catalyst based systems including those detailed in this chapter. A processing 
environment that allows the use of biphasic systems and/or continuous extraction of 
products would increase reaction rates, yields and product quality. 
Corrosion, waste disposal and equipment costs associated with mineral acid 
catalysts employed by conventional technologies can be overcome by utilising less 
corrosive homogeneous or heterogeneous catalysts and is a focus of the present 
work. Heterogeneous catalysts offer the greatest potential due to their simple and 
energy efficient separation but development needs to overcome the mass transfer 
limitations and limited yield and selectivity that can currently be achieved.  However 
coupling heterogeneous catalysts with advanced solvent systems have shown 
promising results in achieving high levulinic acid yields from lignocellulosic 
materials.   
Utilising solvents offers a number of potential benefits such as improving 
biomass dissolution, promotion of more selective reactions, suppressing humin 
formation and allowing reaction under milder operating conditions and is another 
focus of this work.  
Key research gaps for cost-effective production of levulinic acid from biomass 
include: (i) developing an environmentally friendly process; (ii) reducing corrosion, 
waste disposal and equipment costs; and (iii) utilising solvents to improve product 
yields and product recovery. 
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Chapter 3: Acid-Catalysed Conversion of 
Simple Carbohydrates4 
 
PREAMBLE 
In this chapter the use of sulfonic acid catalysts for the production 
of levulinic acid and furfural as potential replacement for mineral acid 
catalysts is detailed. The conversion of glucose and xylose (model 
sugars) using sulfonic acids and sulfuric acid is reported, but more 
importantly the interactive effects these sugars have on product and 
polymer yields is also detailed. The characterisation of the polymer 
residue is investigated in detail and processing strategies identified that 
will allow high product yields to be achieved. 
This chapter addresses the first research objective.  
Objective 1 - Examine the conversion of glucose and xylose mixtures 
using sulfonic acid catalysts for the production of levulinic acid and 
furfural and evaluate the extent of polymer residue formation.  
3.1 INTRODUCTION 
Sulfonic acids are strong, non-oxidizing, biodegradable acid catalysts that are 
more environmentally friendly less corrosive, and minimise charring and other 
undesirable side reactions that occur in mineral acids such as sulfuric acid [1]. Both 
MSA and p-toluenesulfonic acid (TSA) have been used in the solvolysis liquefaction 
of cellulose and biomass, and were found to play an important role in reducing 
condensation reactions in comparison to mineral acids [2].  
Despite the advantages of sulfonic acids, there has been limited work reported 
on their use for the production of levulinic acid from carbohydrates [3].   A number of 
                                                 
 
4 Based on: Rackemann, D.W., Bartley, J.P., Doherty W.O.S., Methanesulfonic acid-catalyzed 
conversion of glucose and xylose mixtures to levulinic acid and furfural. Indust. Crops 2014, 52: 46-
57. 
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biodegradable sulfonic acids for the production of levulinic and furfural from 
mixtures of simple sugars are evaluated in this chapter.  Optimisation of the 
operating parameters was achieved using multivariate and statistical analyses. The 
heating rate of various reactor designs were examined as this can have a significant 
effect on the yield and type of products [4].  
The polymer residues were characterised by elemental analysis to determine 
heating value; Fourier Transform Infra-Red (FTIR) spectroscopy to determine 
functional group composition; and various one- and two-dimensional Nuclear 
Magnetic Resonance (NMR) spectroscopic methods to elucidate structural 
characteristics.  
3.2 MATERIALS AND METHODS 
3.2.1 Materials 
Chemicals used for analyses include ultra pure Millipore-Q water, L-arabinose 
(99%), D-(+)-xylose (99%), D-(+)-mannose (99%), D-(+)-glucose (99%), DL-
glyceraldehyde (90%), 5-hydroxymethylfurfural (99%), L(+)-lactic acid (98%), 
levulinic acid (98%), and propionic acid (99.5%) purchased from Sigma Aldrich; 
formic acid (98%) and 2-furaldehyde (99%) purchased from Fluka Analytical;  
maleic acid (99%) and sulfuric acid (98%) purchased from Merck; 1,6-anhydro-β-D-
glucopyranose (99%), ethanesulfonic acid (95%) and ρ-toluenesulfonic acid 
monohydrate (99%) purchased from Acros Organics; methanesulfonic acid (~70%) 
purchased from BASF; and glacial acetic acid (99.7%) purchased from Chem 
Supply. Deuterated dimethylsulfoxide (DMSO-d6) and deuterium oxide (D2O) were 
purchased from Sigma Aldrich (99.9 atom% D). All the chemicals were used as 
received. 
3.2.2 Experimental 
Reaction experiments were typically carried out in 10 mL sealed glass 
ampoules of 9.6 mm inner diameter and 150 mm long. The ampoules were loaded 
with ~3.5 mL total of reactants, solvent and catalyst and heated in a fluidised sand 
bath (Model number: SBL-2D, Techne Inc., Burlington, NJ) to a set temperature and 
reaction time. At the end of the reaction time (starting from after operating 
temperature is reached), the ampoules were rapidly quenched in cold water to stop 
the reaction.  The ampoules were opened and the contents filtered (under vacuum) 
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with dilution water added to wash the solid residue and allow the filtrate to be 
quantitatively analysed. 
Additional reactors that were tested included larger glass ampoules of 16.8 mm 
inner diameter and 150 mm length and stainless steel tubular reactors of 15 mm 
diameter (1.2 mm wall thickness) and 200 mm length fitted with Swagelok® union 
fittings and plugs at each end. 
3.2.2.1 Experimental design and analysis 
Evaluation of typical operating conditions was achieved using RSM with the 
software Design Expert v7 (Stat-Ease). A modified D-optimal experimental design 
with five variables was used to study the response pattern of levulinic acid and 
furfural yields and to determine the optimum combination of variables. The variables 
included acid concentration (A), glucose concentration (B), xylose concentration (C), 
temperature (D), and reaction time (E) at multiple levels. The product yields Yi were 
modelled based on a quadratic function of the dependent variables: 
Yi = a0 + a1A + a2B + a3C + a4D + a5E + a11A2 + a22B2 + a33C2 + a44D2 + a55E2 + a12AB + 
a13AC + a14AD+ a15AE + a23BC + a24BD + a25BE + a34CD + a35CE + a45DE    (3.1) 
where Yi is the predicted response, a0 is the offset term, a1, a2, a3, a4 and a5 are 
linear effect terms, a11, a22, a33, a44 and a55 are squared effects and a13, a14, a15, a23, 
a24, a25, a34, a35, and a45 are interaction effects. The significance of each coefficient of 
the above equations was determined by Student’s t-test and F values. The statistical 
significance is reported by the P-value. If the P-value is very small (less than 0.05) 
then the parameter tested (result) has a significant effect on the response. Stepwise 
regression was employed for analysis of variance (ANOVA). The fitted quadratic or 
two factor interaction equation can be expressed as surface plots to visualize 
relationships between the response and variable interactions and to deduce the 
conditions for optimised responses. 
Duplicate experiments were preformed on central experimental design 
parameters to provide a measure of statistical variation. Typically differences 
between duplicate results were <12% for product components which was considered 
acceptable for the experimental conditions and apparatus used.  
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3.2.3 Analytical methods 
3.2.3.1 Liquid product analysis 
The concentration of liquid products were determined by high-performance 
liquid chromatography (HPLC) analysis using an Aminex HPX-87H column, Waters 
2489 UV detector operating at a dual frequency of 210 nm and 280 nm and a Waters 
410 refractive index detector.  The column was operated at 60 °C and eluted with 
5 mM sulfuric acid at a flow rate of 0.6 mL.min-1. The quantities of products were 
calibrated against standard solutions of known concentrations and converted to 
theoretical molar yields based on initial glucose or xylose content respectively.  
 
Mol of product in hydrolysateProduct yield
Mol of glucose or xylose  in feed
    (3.2) 
All samples were passed through 0.2 μm filters prior to analysis. Selected 
samples were also dissolved in D2O for confirmation of composition based on NMR 
analysis. 
3.2.3.2 Solid product analysis 
Following the experiments the mixture was filtered through a Whatman No. 5 
filter paper to retain the solid residue which was dried to a constant weight (60 °C 
vacuum oven overnight) and analysed by FTIR, NMR spectroscopy and elemental 
analysis. 
 Infra-red spectra were collected using a Nicolet 870 Nexus FTIR system 
including a ContinuumTM IR microscope equipped with a liquid-nitrogen-cooled 
MCT detector, and an Attenuated Total Reflectance (ATR) objective incorporating a 
Si internal reflection element (Nicolet Instrument Corp. Madison, WI). The contact 
area with the sample was circular with an approximate diameter of 100 µm. Spectra 
were collected in the spectral range 4000 to 650 cm-1, using 64 scans and 4 cm-1 
resolution.  
Residues were dissolved in d-DMSO for NMR analysis. Approximately 25 mg 
of residue was added to 1 mL of DMSO-d6.  The residues exhibited low dissolution 
with only ~40% of the residue dissolved. The solution was filtered and 0.6-0.9 mL 
was transferred into a NMR tube. High resolution NMR spectra were obtained using 
a Bruker Avance 400 MHz or Bruker Avance 750 MHz NMR spectrometer with a 
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gradient probe operating in inverse detection mode. Data processing was performed 
using ACD/NMR Processor software. One-dimensional (1D) proton (1H) spectra and 
two-dimensional (2D) NMR techniques; correlation spectroscopy (COSY), 
multiplicity edited heteronuclear single quantum coherence spectroscopy (HSQC), 
heteronuclear multiple-bond correlation spectroscopy (HMBC) and diffusion-ordered 
spectroscopy (DOSY) methods were conducted using standard pulse programs. The 
1D spectra used an acquisition time of 1.7-2.5 s, delay time 2 s, 128 transients and 
32k digital points acquired.  The 2D-NMR methods used acquisition times of 0.2-
0.27 s; 0.02-0.13 s, 4 scans (16 dummy scans) with 1024 transients for the COSY, 
32-64 scans and 128-256 transients for the HSQC and HMBC spectra, respectively, 
and 400 scans for the DOSY. The DOSY spectra were further processed using the 
DOSY Toolbox [5]. A 2D-DOSY plot was constructed using Gaussian peaks with the 
(standard) exponential decay in the diffusion dimension centred on the fitted peak 
values. The region corresponding to water (δH = 3.2-3.7 ppm) was excluded and 
128k data points were used.   
Maleic acid (δH = 6.27 ppm) was added as an internal reference standard (5 µL 
of solution of 20 g/L maleic acid solution in DMSO-d6) to the NMR solutions to 
provide quantitative results. This provided 0.1 mg maleic acid in the DMSO-d6 
solution. Maleic acid is benign in the solution, generated only one singlet signal that 
also did not overlap with other signals in the spectrum.  
Proton spectra and assignment of calibration solutions are as follows:  
Acetic acid: δH (ppm): 1.91 (s, 3H).  
Formic acid: δH (ppm): 8.14 (s, 1H).  
Levulinic acid: δH (ppm): 2.1 (s, 3H), 2.38 (t, J=6.8 Hz, 2H), 2.65 (t, J=6.8 Hz, 2H). 
HMF: δH (ppm): 4.5 (d, J=5.9 Hz, 2H), 6.6 (d, J=3.5 Hz, 1H), 7.49 (d, J=3.5 Hz, 
1H), 9.54 (s, 1H). 
Furfural: δH (ppm): 6.8 (d, J=1.8/3.5 Hz, 1H), 7.55 (d, J=3.5 Hz, 1H), 8.1 (d, 
J=1.8 Hz, 1H), 9.6 (s, 1H).  
Elemental analysis was performed on the residues using a ‘Carlo Erba’ 
Elemental Analyser (Model NA1500) instrument and method according to ASTM D 
5373. Samples were first dried to remove moisture prior to analysis.  Solid samples 
were weighed into a tin capsule that is flash burned in the presence of pure oxygen 
(excess) and helium carrier gas. Gas chromatographic methods are used to compare 
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to calibrated standards for analysis of carbon, hydrogen, nitrogen, and sulfur. Oxygen 
was obtained by difference. The higher heating value (HHV) of the sample was 
calculated based on the following [6]: 
1.3675 0.3137 0.7009 0.318HHV Carbon Hydrogen Oxygen         (3.3) 
3.3 RESULTS AND DISCUSSION 
3.3.1 Reactor operation 
The composition of the degradation products of carbohydrates can vary 
depending on catalyst type, reaction conditions and heating rate.  The reaction 
pathways mainly proceed via dehydration and bond breaking; the predominant one 
being dependent on the reaction conditions.  Investigations on the effect of heating 
rate on the hydrothermal treatment of glucose indicated that higher heating rates and 
higher temperatures resulted in more bond breaking reactions [4]. In the hydrothermal 
conversion of glucose at 300 °C, 80 mol% of the glucose was converted during the 
time taken to reach the reaction temperature [7] whereas only 18 mol% glucose was 
converted prior to reaching the reaction temperature of 170 °C in other studies [8].  
These results clearly point that the heating rate has a significant effect on the yield 
and type of products when carbohydrates are hydrolysed.   
The heating profile of various reactors, including the glass ampoule reactors 
used in the present study, were first examined to allow comparisons to be made to 
other reaction conditions reported in the literature.  The glass ampoule reactor design 
employed in this work had a number of benefits over traditional metal reactors 
employed for hydrolysis reactions including being constructed of non-catalytic and 
transparent material with small diameter and volume to ensure rapid heating and 
cooling rates. However, it was more difficult to achieve adequate mixing within the 
reactor and the fluidised sand bath temperature varied by + 2-3 °C. These factors 
lead to larger experimental errors in duplicate tests than ideal. 
The heating rate of the reactors in the sand bath were estimated based on 
theoretical heat balance using the following simple expression for reactor 
temperature (Treactor) as a function of time (t):  
 P reactor bath reactor bath reactord M C T U A T Td t      (3.4) 
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where M is the weight of the reactor and reaction mixture (kg), CP is the mass 
averaged specific heat capacity of the reactor (i.e., glass = 710 J.kg-1.K-1) and 
reaction mixture (assumed as water: 4000 J.kg-1.K-1) and Areactor is the calculated 
surface area of the reactor (m2).  
A heat transfer coefficient (Ubath) of 500 W.m-2.K-1 was used based on the sand 
bath specification and the expression was solved iteratively using initial values for 
the reactor temperature (25 °C) and a sand bath temperature (Tbath) of 180 °C to yield 
the results shown in Figure 3.1. The theoretical expression shows the glass ampoule 
reactor used in this study reaches the reaction temperature (within 2 °C of Tbath) 
within 65 s. To confirm the validity of the model a stainless steel reactor of 20 mL 
capacity was used to measure the actual temperature of the reaction mixture and this 
compared well with the model (Figure 3.1). The model was used to estimate the 
temperature profile for the 130 mL stainless steel reactor heated in a fluidised salt 
bath reported by Chang et al. [8] for the formation of levulinic acid from glucose. For 
this reactor, the model estimates ~5 min to reach the reaction temperature of 180 °C. 
In addition, experimentally derived data for 1 mL glass ampoules [9] used to study the 
decomposition of glucose to levulinic acid are also presented in Figure 3.1 and show 
7.3 min heating time is required to reach the reaction temperature of 180 °C in an air-
heated furnace oven.  
As such, the heating profiles shown in Figure 3.1 for air heated furnaces and 
metal reactors typically used to study the formation of levulinic acid are significantly 
slower than that achieved with the glass ampoule used in the present study. 
Furthermore, the small thermal mass of the small glass ampoule allows the reactor 
and reaction mixture to be quenched at much faster rate such that the products 
obtained do not change to any measurable extent during the cooling period. In a 
laboratory scenario, fast cooling rates are necessary to ensure accurate analysis of 
products at the end of reaction. However, fast cooling rates are not directly 
transferable to industrial equipment. This issue highlights the need for immediate 
product separation and recovery to avoid further adverse product reactions under 
industrial settings. 
The heating rate of large metal Parr reactors with electrical mantle heating are 
known to have significantly slower heating rates (10 to 90 min) than those where the 
heating is supplied by fluidised bath [10, 11]. The long heating rates of metal reactors 
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are associated with heating of the mass of metal. To minimise reactions during the 
heat up period in large metal reactors (i.e., Parr vessels), it has become recent 
practice to heat the feed and solvent to the desired operating temperature before 
injecting the acid catalyst [12]. As an alternative, researchers have utilised two heating 
baths where the metal reactor can be submerged in the first heating bath set at a 
much higher temperature and then transferred to the second heating bath set at the 
operating temperature. This approach has been able to reduce the heating rate to 
~1 min [13]. However, metal reaction vessels will take considerably longer time to 
cool following reaction than glass ampoules.  
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Figure 3.1 Temperature profiles inside reactors heated to 180 °C 
3.3.2 Conversion of monosaccharides  
The performance of the simplest sulfonic acid, MSA (pKa = -1.9) was 
compared to the conventional mineral acid catalyst, sulfuric acid (pKa = -3) under a 
range of operating conditions. Selected results are provided in Table 3.1 and Table 
3.2 for levulinic acid yield from glucose and furfural yield from xylose respectively. 
The full experimental results are presented in Appendix A (Table A1-A6 including 
ANOVA data). The pH of 0.25 M MSA solution was <1.0. 
The results (Table 3.1) show that levulinic acid yield increased as the 
temperature increased from 160 °C to 180 °C and as the reaction time increased from 
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8 min to 60 min.  However, increasing the temperature to 200 °C shows a decrease in 
yield with increasing reaction time.  There was a general trend of increase in 
levulinic acid yield with increasing catalyst concentration and reaction time. In the 
sequential reactions of glucose to HMF and levulinic acid or humins it was found 
that the formation of humin products have the highest activation energy [12].  The 
reduction of levulinic acid yield at 200 °C with increasing reaction time (rows 9-11 
of Table 3.1) is probably related to the higher proportion of glucose being converted 
to humins under these conditions.  
Table 3.1 Comparisons of acid-catalysed conversion of glucose 
Conditions Levulinic acid yield (mol%) 
Catalyst 
(M) 
Glucose 
(M) 
Temperature
(ºC) 
Reaction time 
(min) H2SO4 MSA 
0.25 0.10 160 15 11.5 7.6 
0.25 0.10 160 60 39.3 41.5 
0.25 0.10 180 8 29.0 24.4 
0.25 0.10 180 30 52.4 39.5 
0.25 0.10 180 60 56.8 60.3 
0.25 0.10 200 8 61.2 60.9 
0.25 0.10 200 15 53.7 45.6 
0.25 0.10 200 30 45.0 50.8 
0.50 0.10 180 15 65.4 63.1 
0.50 0.10 180 30 59.8 58.8 
0.75 0.10 180 30 57.6 53.6 
0.50 0.10 200 15 55.7 47.4 
0.25 0.05 180 15 39.4 42.9 
0.25 0.05 180 30 46.3 51.8 
0.50 0.05 180 15 54.0 44.0 
0.10 0.22 180 30 36.4 33.6 
0.25 0.22 180 30 42.0 47.5 
0.50 0.22 180 30 54.2 55.7 
0.25 0.40 180 30 61.0 61.7 
Mean 47.8 46.4 
StDev 13.2 13.8 
SE Mean 3.0 3.1 
Paired t-test P-value 0.23 
Note: The differences between duplicate results were <8.4% for levulinic acid. 
While the mean of the levulinic acid yield data is slightly lower for MSA 
catalyst (at short reaction time and lower acid strength), the paired t-test and 
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ANOVA showed no significant difference between the two acids indicating similar 
catalytic activity. This is not unexpected given both are strong acids, and previous 
studies on cellulose hydrolysis have shown the catalytic activity is linked to acidic 
strength [14].  
It is difficult to compare the levulinic acid yields obtained in this work to those 
of Chang et al. [8] and Girisuta et al. [9] because of differences in reactor design, 
material of construction, heating rates and glucose concentration. That said, the 
yields of closely similar conditions were compared.  In this work ~65 mol% of 
levulinic acid was formed with 0.1 M glucose hydrolysed by 0.5 M sulfuric acid at 
180 °C for 15 min.  Chang et al. [8] obtained values of ~45 mol% and ~58 mol% 
when 0.278 M glucose was hydrolysed with 0.5 M sulfuric at 170 °C after 10 min 
and 20 min respectively.  Girisuta et al. [9] obtained a yield of ~41 mol% at the same 
acid concentration at 170 °C after 15 min.  What is apparent in comparing these 
studies, is that while very rapid heating rates (as in the present studies) result in 
optimum levulinic acid yield in a short reaction time, moderate heating rates (such as 
that used by Chang et al. [8]  result in optimum yield at longer reaction times.  In fact 
Chang et al. [8] obtained levulinic yield of ~80 mol% after 60 min at 170 °C. 
It was decided that for acid acid-catalysed conversion of xylose that most of 
the study should be conducted at 0.25 M acid concentration, as the molar 
concentration of xylose (representative of hemicellulose) is less than that of glucose 
(representative of cellulose) in biomass, and so may not require higher acid dosages 
for optimum yields.  Hemicellulose is also known to be more readily converted under 
acidic conditions in biomass pre-treatment due to its amorphous nature [15]. Table 3.2 
shows that furfural yield reached high values at 160 °C with long reaction times.  
Similar high yields were obtained at 180 °C and 200 °C, though with very short 
reaction times.  Optimum furfural yield was obtained with 0.03 M xylose and at 
0.25 M acid catalyst concentration. 
Data for xylose conversion also show that the furfural yield mean was slightly 
lower for MSA catalyst at the same operating conditions even though statistically 
there was no difference between the catalysts. Further examination of the data in 
Table 3.2 suggests that under the milder reaction conditions sulfuric acid produces 
higher yields of furfural than MSA but the trend is reversed under harsher conditions 
within the operating range tested. The higher comparative furfural yield achieved 
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with MSA under harsher reaction conditions reflects the slower degradation of 
furfural under these conditions. The results obtained therefore indicate that MSA is a 
promising alternative catalyst to sulfuric acid for the production of levulinic acid and 
furfural. 
Table 3.2 Comparisons of acid-catalysed conversion of xylose 
Conditions Furfural yield (mol%) 
Catalyst 
(M) 
Xylose 
(M) 
Temperature
(ºC) 
Reaction time 
(min) H2SO4 MSA 
0.25 0.030 160 30 52.0 48.6 
0.25 0.030 160 60 65.9 59.7 
0.25 0.030 180 8 60.7 49.6 
0.25 0.030 180 15 62.1 64.7 
0.25 0.030 180 30 44.5 57.4 
0.25 0.030 200 8 64.4 63.3 
0.25 0.030 200 30 22.4 30.8 
0.50 0.030 180 15 59.2 56.4 
0.25 0.073 140 30 19.2 15.3 
0.25 0.073 160 8 42.4 22.1 
0.25 0.073 160 30 45.9 48.2 
0.25 0.073 200 8 43.3 54.6 
0.50 0.073 180 15 37.3 26.8 
0.25 0.133 160 15 35.3 30.6 
0.25 0.250 180 30 31.4 37.0 
0.25 0.267 160 15 33.2 28.2 
Mean 44.7 41.7 
StDev 13.9 16.5 
SE Mean 3.3 3.9 
Paired t-test P-value 0.24 
Note: The differences between duplicate results were <4.7% for furfural.  
A number of experiments were conducted with 20 mL stainless steel reactors 
for comparison to the glass ampoules heated in the sand bath. These reactors took an 
extra 60-90 s to reach the operating temperature and resulted in 10-20% higher yields 
of levulinic acid and formic acid (Table 3.3). Tests conducted where the reactors 
were kept in the sand bath for the same period of time also showed higher yield of 
levulinic acid in the stainless steel reactor compared to the glass ampoule under the 
same conditions suggesting the stainless steel reactor material is possibly catalytic in 
nature [16]. However, tests conducted at 180 °C for 30 min reaction time with no 
catalyst showed no production of levulinic acid and only small amounts of HMF and 
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furfural (<2 mol%) for both the stainless steel and glass reactors. The stainless steel 
reactor hydrolysates showed ~60% degradation of the glucose feed compared to 
~20% conversion for the glass reactor (results not shown). 
Table 3.3 Comparisons of reactor materials for conversion of glucose 
Material Catalyst (M) 
Glucose 
(M) 
Temp. 
(ºC) 
Reaction 
time (min) 
Formic 
acid yield 
(mol%) 
Levulinic 
acid yield 
(mol%) 
Solid 
residue 
(wt%) 
Glass 0.10 0.28 170 15 10.4 9.8 2.0 
Stainless 0.10 0.28 170 15 21.3 21.5 4.3 
Glass 0.50 0.28 170 15 49.9 51.9 n.d. 
Stainless 0.50 0.28 170 15 62.9 67.8 5.7 
Glass 0.10 0.28 170 30 20.9 21.1 2.5 
Stainless 0.10 0.28 170 30 44.2 43.3 6.6 
n.d. – No data. 
To determine if reactor size influences uniformity of reaction conditions within 
the ampoules, a number of experiments were conducted with larger 30 mL ampoules 
for comparison. The results (Table 3.4) showed little difference in product yields 
between the two sizes of ampoules.  The larger glass ampoule had 16.8 mm inner 
diameter and studies of biomass hydrolysis in steel reactors without mixing have 
shown as long as the diameter is less than 12 mm reasonably uniform heating 
through convection will result [17]. However, it is assumed the gentle mixing action 
provided by the fluidised sand bath overcomes any heat transfer limitations such that 
no impact on product yield is observed. 
Table 3.4 Comparisons of glass ampoules for the acid-catalysed conversion 
of sugars 
Conditions Product yields (mol%) 
Size Catalyst Catalyst (M) 
Glucose 
(M) 
Xylose 
(M) 
Temp.
(ºC) 
Time 
(min) Furfural 
Formic 
acid 
Levulinic 
acid 
10 mL H2SO4 0.25 0.10 - 160 15 - 16.5 12.6 
30 mL H2SO4 0.25 0.10 - 160 15 - 14.8 12.0 
10 mL MSA 0.50 0.10 - 180 15 - 56.0 42.8 
30 mL MSA 0.50 0.05 - 180 15 - 64.2 44.0 
10 mL H2SO4 0.25 - 0.073 160 15 49.6 0.2 - 
30 mL H2SO4 0.25 - 0.073 160 15 51.0 0.3 - 
10 mL H2SO4 0.25 - 0.073 160 30 45.0 0.0 - 
30 mL H2SO4 0.25 - 0.073 160 30 46.8 0.2 - 
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3.3.3 Interaction between glucose and xylose  
The catalyst testing was extended to mixtures of different ratios of glucose 
and xylose to examine the interference of feed components on yields.  This is 
considered a critical intermediate step as the use of biomass adds the effects of in-
situ formation of these sugars (depolymerisation) as well as additional feed 
components (i.e., lignin) without distinguishing their interactive effects. 
Table 3.5 and Table 3.6 show the operating conditions and yields of levulinic 
acid and furfural respectively obtained from mixtures of glucose and xylose. The full 
experimental results are presented in Appendix A (Table A7-A8). The proportion of 
glucose and xylose were chosen to match that of bagasse and pulp derived from 
alkali treatment of bagasse.  The statistical analysis (paired t-test) data indicate that 
the addition of xylose had no significant impact on levulinic acid yield (Table 3.5).  
Comparisons of levulinic acid produced using MSA and that produced using sulfuric 
acid show no significant difference for the conversion of glucose alone (P-value = 
0.11), but did show that sulfuric acid produces higher levulinic acid yields (albeit less 
than 10%) when xylose is present in the reaction mixture (P-value = 0.02). 
Table 3.5 Feed component interactions on levulinic acid yield 
Conditions Levulinic acid yield (mol%) 
Catalyst 
(M) 
Glucose 
(M) 
Xylose
(M) 
Temp.
(ºC) 
Time
(min)
H2SO4 MSA 
No 
xylose Xylose
No 
xylose Xylose 
0.25 0.10 0.030 160 60 37.7 38.2 38.9 38.5 
0.50 0.05 0.017 180 15 54.0 60.2 44.0 54.8 
0.50 0.10 0.030 180 15 65.4 64.8 63.1 55.3 
0.25 0.40 0.250 180 30 61.0 58.0 61.7 55.1 
0.50 0.10 0.030 180 30 59.8 63.5 57.3 62.4 
0.25 0.10 0.030 180 60 56.8 63.9 60.3 60.3 
0.25 0.10 0.030 200 8 61.2 61.6 60.9 57.0 
0.25 0.10 0.073 200 15 53.7 57.7 45.6 56.1 
0.50 0.10 0.030 200 15 55.7 56.8 47.4 57.7 
Mean 56.1 58.3 53.2 55.2 
StDev 7.9 8.1 9.2 6.8 
SE Mean 2.6 2.7 3.1 2.3 
Paired t-test (xylose impact) P-value 0.09 0.44 
Paired t-test (catalyst: H2SO4 vs. MSA) P-value 0.11 0.02 
Note: The differences between duplicate results were <10.6% for levulinic acid. 
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The addition of glucose had a significant impact on furfural yield (P-value 
<0.05), as lower values are obtained (Table 3.6).  This is unexpected as glucose can 
form furfural via HMF or pentose intermediate (decarboxylation) and hence these 
reactions should contribute to the overall yield of furfural [18]. Furfural’s known 
instability under heat and acidic conditions causes it to readily decompose or 
polymerise with itself and/or with other compounds present in the reaction mixture 
[19].  Other researchers have observed increased furfural degradation with the addition 
of additional reactants such as glucose [20]. Therefore furfural yields will be 
maximised under dilute feed conditions. So, although the addition of glucose can 
increase the amount of furfural formed in-situ, a larger concentration of mixture 
components may readily interact with a proportion of the furfural produced via 
xylose conversion and reduce the furfural yield obtained at the end of the reaction.   
The lower yield may be prevented in a reactor where furfural is continuously 
removed from the reaction mixture [21] or the reaction conditions do not allow 
cellulose depolymerisation. 
Table 3.6 Feed component interactions on furfural yield 
Conditions Furfural yield (mol%) 
Catalyst 
(M) 
Glucose 
(M) 
Xylose 
(M) 
Temp.
(ºC) 
Time
(min)
H2SO4 MSA 
No 
glucose Glucose
No 
glucose Glucose 
0.25 0.10 0.030 160 30 52.0 46.9 48.6 41.0 
0.25 0.10 0.030 160 60 65.9 50.2 55.4 49.4 
0.50 0.10 0.030 180 15 59.2 34.1 56.4 37.7 
0.50 0.10 0.073 180 15 37.3 30.3 26.8 37.3 
0.25 0.10 0.030 180 30 44.5 26.6 57.4 39.5 
0.25 0.40 0.250 180 30 31.4 13.5 36.9 13.8 
0.25 0.10 0.030 200 8 64.4 41.3 63.3 45.5 
0.25 0.10 0.030 200 30 22.4 10.1 30.7 8.1 
Mean 47.1 31.6 47.0 31.6 
StDev 16.0 14.6 13.7 14.6 
SE Mean 5.6 5.2 4.8 5.2 
Paired t-test (glucose impact) P-value 0.00 0.01 
Paired t-test (catalyst: H2SO4 vs. MSA) P-value 0.96 0.28 
Note: The differences between duplicate results were <11.6% for furfural. 
Comparisons of furfural produced using MSA and sulfuric acid showed no 
significant differences regardless of if produced from xylose alone (P-value = 0.96) 
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or if glucose was present (P-value = 0.28). Similar product selectivity (both levulinic 
acid and furfural) obtained with sulfuric acid show that MSA can be used for the 
production of levulinic acid and furfural from carbohydrates.  
3.3.4 Other sulfonic acid catalysts 
The catalyst testing was also extended to ethanesulfonic acid (ESA; pKa = -2) 
and TSA (pKa = -2.8) as shown in Table 3.7 and Table 3.8 for the production of 
levulinic acid and furfural respectively from mixtures of sugars. The data in Table 
3.7 shows that for mixtures of glucose and xylose, both sulfuric acid and TSA 
produce slightly higher (5-10%) levulinic acid yields than MSA and ESA (P-value 
<0.05). For the production of furfural there were no significant difference in yields of 
furfural using sulfuric acid, ESA and TSA (P-value >0.05). However MSA did 
significantly produce higher furfural yields (P-value = 0.01). This contradicts the 
results presented in Table 3.6. It was noted (Section 3.3.2) that under the milder 
reaction conditions sulfuric acid produces higher yields of furfural than MSA but the 
trend is reversed under harsher conditions. This factor may have cancelled any 
differences between the catalysts such that, for the limited reaction conditions 
presented in Table 3.6, the paired t-test showed no significant difference between 
catalysts. Over the larger data set presented in Table 3.8, significant difference was 
observed in yields produced by sulfuric acid and MSA. 
3.3.4.1 Costs of sulfonic acid catalysts 
Methanesulfonic acid cost at $3200-4000/t is significantly more expensive than 
sulfuric acid ($500-800/t) but similar to TSA ($1500-2000/t) when using similar acid 
molarity [22]. The results of Table 3.7 and Table 3.8 show that MSA produced only 
marginally lower levulinic acid yields compared to TSA (and sulfuric acid) while 
producing higher furfural yields under similar reaction conditions, which is likely 
reflecting the slightly greater acidity of TSA. Methanesulfonic acid also has the 
greenest credentials in terms of being more readily biodegradable and less corrosive 
at elevated temperatures especially when compared to TSA. The onset of TSA 
decomposition at 162 °C is also less than MSA (~200 °C) [1, 23].  While the Biofine 
process operates at temperatures above 200 °C, one of the aims of this work was to 
develop processes that operate at lower temperatures to enable the utilisation of 
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existing utilities when integrated into sugar factories as well as reduce possible 
decomposition of the catalyst.  
Table 3.7 Levulinic acid yields from acid-catalysed reaction of mixtures of 
glucose and xylose. 
Acid 
conc. 
(M) 
Glucose 
conc. 
(M) 
Xylose 
conc. 
(M) 
Temp. 
(ºC) 
Reaction 
time 
(min) 
Levulinic acid yield (mol%) 
H2SO4 MSA ESA TSA 
0.50 0.050 0.036 160 15 19.4 19.5 19.7 21.5 
0.25 0.100 0.030 160 30 25.7 21.0 20.6 22.9 
0.250 0.100 0.073 160 60 37.3 29.9 31.3 37.5 
0.500 0.100 0.073 160 60 56.3 54.4 54.4 57.1 
0.500 0.100 0.030 180 15 64.8 55.3 55.9 69.1 
0.500 0.100 0.073 180 15 58.1 50.8 49.7 64.0 
0.250 0.100 0.030 180 30 59.0 54.2 55.1 65.5 
0.500 0.100 0.030 180 30 63.5 62.4 61.3 67.1 
0.250 0.100 0.030 180 60 63.9 60.3 59.7 72.3 
0.250 0.200 0.060 180 60 60.8 55.4 59.6 70.3 
0.500 0.050 0.017 200 15 61.3 64.8 60.5 65.0 
0.500 0.200 0.060 200 15 48.8 55.9 57.6 53.8 
0.250 0.100 0.030 200 30 61.4 56.7 54.3 62.3 
0.500 0.100 0.073 200 30 58.2 57.3 59.0 46.6 
Paired t-test (comparison to H2SO4) Mean 52.8 49.8 49.9 55.4 
 MSA ESA TSA StDev 14.7 14.9 14.7 17.0 
P-value 0.03 0.04 0.09 SE Mean 3.9 4.0 3.9 4.5 
Note: The differences between duplicate results were <10.6% for levulinic acid. 
It could also be argued that part of the relatively higher cost of MSA over 
sulfuric acid is attributed to the production of a high purity grade reagent, whereas a 
lower purity catalyst may be suitable for the purpose of acid catalysis and also be 
significantly cheaper. Corrosivity of sulfonic acids is partly dependent on their 
method of production through inclusion of impurities. Methanesulfonic acid is 
conventionally produced by chloroxidation of methanethiol which produces 6 moles 
of HCl for every mole of MSA with residual chloride ions contributing to corrosivity 
and purification costs [24]. Recently more effective and environmentally friendly 
processes have been developed such as sulfonation of methane [25] air oxidation of 
dimethylsulfide (synthesized from sulfur and methanol) which produces MSA and 
water with no wastes or impurities [24].  
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Table 3.8 Furfural yields from acid-catalysed reaction of mixtures of 
glucose and xylose. 
Acid 
conc. 
(M) 
Glucose 
conc. 
(M) 
Xylose 
conc. 
(M) 
Temp.
(ºC) 
Reaction 
time 
(min) 
Furfural yield (mol%) 
H2SO4 MSA ESA TSA 
0.50 0.050 0.036 160 15 34.9 45.9 52.2 52.9 
0.25 0.100 0.030 160 30 46.9 41.0 36.6 41.4 
0.25 0.100 0.073 160 60 38.5 46.5 41.7 39.6 
0.50 0.100 0.073 160 60 21.0 35.1 29.0 28.7 
0.50 0.100 0.030 180 15 34.1 37.7 28.0 16.6 
0.50 0.100 0.073 180 15 30.3 37.3 24.4 34.1 
0.25 0.100 0.030 180 30 26.6 39.5 30.9 26.7 
0.50 0.100 0.030 180 30 12.5 18.3 12.2 11.6 
0.25 0.100 0.030 180 60 13.6 19.4 34.8 12.1 
0.25 0.200 0.060 180 60 9.2 16.6 10.7 6.7 
0.50 0.050 0.017 200 15 16.0 11.6 15.8 19.6 
0.50 0.200 0.060 200 15 4.1 11.3 7.2 5.8 
0.25 0.100 0.030 200 30 10.1 8.1 10.7 11.5 
0.50 0.100 0.073 200 30 1.2 5.2 1.0 4.5 
Paired t-test (comparison to H2SO4) Mean 21.4 26.7 23.9 22.3 
 MSA ESA TSA StDev 14.0 19.7 20.8 24.5 
P-value 0.01 0.28 0.66 SE Mean 3.7 4.1 3.95 4.2 
Note: The differences between duplicate results were <11.6% for furfural. 
Methanesulfonic acid is considered to be a natural product as it is part of the 
natural sulfur cycle which ultimately breaks down to form sulfate and carbon dioxide 
[26]. On the other hand, TSA breaks down to toluene and sulfuric acid. The 
sulfonation process used to manufacture TSA also produces significant levels of 
sulfuric acid as residues affecting corrosivity. Corrosion testing performed by Elf 
Atochem found MSA to be 10-20 times less corrosive than sulfuric acid [1]. 
Methanesulfonic acid has also shown benefit in replacing sulfuric acid due to its 
oxidation and reduction stability, properties which minimise charring and other 
undesirable side reactions [27]. Corrosion and waste disposal issues are one of the 
major costs associated with production of levulinic acid and furfural from sulfuric 
acid [28] so MSA’s low corrosion, non-oxidizing nature and handling properties may 
make MSA more suitable to recycling, and offset its higher cost compared to mineral 
acids. Recycling the catalyst and ensuring zero effluent are key targets in the 
development of a sustainable and viable process.  
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3.3.5 Regression analysis 
Regression models showed that each of the independent variables (i.e., acid 
concentration, reaction time and temperature) influenced the yield of both levulinic 
acid and furfural. Results for the stepwise regression of levulinic acid and furfural 
production using MSA catalyst is shown in Table 3.9. (Similar ANOVA data for 
sulfuric acid, ESA and TSA are shown in Appendix A - A12-A14). The Model F 
value of >20 implies the model is significant as does a P-value <0.05 for the lack of 
fit (for all catalysts).  
The regression removed the coefficients a22, a33, a12, a13, a23, a25, and a35 based 
on their significance to the model for levulinic acid and the coefficients a11, a33, a12, 
a13, and a25 were removed in the model for furfural based on their significance. While 
not omitted from the RSM model, the coefficients for glucose and xylose 
concentration are not significant (based on small F value). Likewise for the 
regression of the furfural model, reaction time as a linear variable was also not 
omitted as the quadratic interactions of reaction time with other variables was 
significant. A reasonable agreement between the adjusted and predicted correlation 
coefficients shows the model is reasonable for predicting levulinic acid and furfural 
within the range of variable conditions tested which is also confirmed by the 
diagnostic plots (Figure 3.2). 
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Figure 3.2 Diagnostic plots for (a) levulinic acid yield and (b) furfural yield 
from glucose and xylose mixtures [Low values (blue) to high values 
(red)] 
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Table 3.9 RSM model data* for levulinic acid and furfural yields from 
mixtures of glucose and xylose with MSA catalyst 
 
Factors 
Levulinic acid Furfural 
Coded 
factor F value P-value 
Coded 
factor F value P-value 
Model/Intercept a0 48.75 22.57 < 0.0001 16.79 28.25 < 0.0001 
Acid Conc a1 27.28 72.93 < 0.0001 -12.51 21.10 < 0.0001 
Gluc Conc a2 5.82 1.98 0.1646 -4.88 1.23 0.2732 
Xyl Conc a3 -1.47 0.055 0.8161 -19.28 1.94 0.1702 
Temp a4 64.95 26.44 < 0.0001 -37.12 15.01 0.0003 
Time a5 17.46 93.96 < 0.0001 6.61 1.03 0.3142 
Acid*Temp a14 -37.81 28.60 < 0.0001 -43.72 85.54 < 0.0001 
Acid*Time a15 -10.11 5.70 0.0204 -28.82 50.14 < 0.0001 
Gluc*Xyl a23 - - - -17.65 1.60 0.2112 
Gluc*Temp a24 -27.38 6.64 0.0127 -10.14 2.80 0.1003 
Xyl*Temp a34 37.30 7.51 0.083 -18.45 3.92 0.0532 
Xyl*Time a35 - - - 17.90 4.38 0.0414 
Temp*Time a45 -24.91 32.07 < 0.0001 -42.07 133.81 < 0.0001 
Acid2 a11 -18.60 17.54 0.0001 - - -
Gluc2 a22 - - - 24.66 6.48 0.0140 
Temp2 a44 -39.19 75.21 < 0.0001 -30.17 82.74 < 0.0001 
Time2 a55 -4.68 3.85 0.0548 -4.64 4.68 0.0353 
 Adjusted R2 0.8048 Adjusted R2 0.8945 
 Predicted R2 0.7528 Predicted R2 0.8628 
 Adequate precision 20.089 Adequate precision 0.7041 
 Lack of fit 0.080 Lack of fit 0.162 
* Includes model data from tests on glucose and xylose alone. 
3.3.5.1 Perturbation Analysis 
Perturbation plots for the production of levulinic acid and furfural from 
mixtures of glucose and xylose using MSA were analysed in order to identify the 
most influential variables on product yield (Figure 3.3). For levulinic acid 
production, acid catalyst concentration (A) and temperature (D) appeared to be the 
most influential parameters but both reached a maximum value above which limited 
impact on yield was observed for catalyst concentration and indeed higher 
temperatures led to a drop in levulinic acid yield. These observations confirm the 
stability of levulinic acid once formed as well as the change in reaction pathway 
(more prevalent humin formation) at higher temperatures (Section 3.3.2).  Figure 3.3 
also showed that reaction time (E) provides a positive influence while glucose (B) 
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and xylose (C) concentration  had limited impact on levulinic acid yield. For furfural 
production, acid catalyst concentration (A), xylose concentration (C), temperature 
(D) and reaction time (E) all showed significant and negative influence on yield with 
increasing value. The influence of temperature showed a maximum value for furfural 
yield is achieved between 140 °C (far left) and 180 °C (mid-point).  
The RSM model showed glucose and xylose concentration provide an 
insignificant impact on levulinic acid and furfural yields (Table 3.9) when interactive 
influences are considered. However in contrast when considered individually in the 
perturbation plots, glucose concentration (B) has a slight negative influence on 
levulinic acid yield and a positive impact (Figure 3.3) on furfural yield under harsh 
conditions (far right) which may reflect the reaction pathway where glucose can be 
converted to furfural. Xylose concentration (C) also shows a positive impact on 
levulinic acid yield and a negative influence on furfural yield.   
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Figure 3.3 Perturbation plots of product yield (A: catalyst 0.4M; B: glucose 
0.1 M; C: xylose 0.06 M; D: temperature 180 °C; E: time 30 min) 
3.3.5.2 RSM plots  
One of the key benefits of RSM is that graphical representations of the 
regression models in the form of three-dimensional response surface plots show the 
interactive effects between the independent variables. An example of an RSM plot of 
levulinic acid yield as a function of acid concentration, temperature and reaction time 
are shown in Figure 3.4.  These RSM plots show the main interaction variables of 
acid concentration, temperature and reaction time are interrelated [29].  High yields 
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can be achieved across a range of variables as long as two out of the three conditions 
are met: high acid catalyst concentration, long reaction time or high temperature 
within the range tested, as shown by the plateaus in Figure 3.4. The wide range of 
conditions reflects the fact that levulinic acid is relatively stable once formed. Similar 
to the trends shown in Table 3.1 there is a slight decrease in levulinic acid yield at 
very harsh conditions. 
RSM plots of furfural yield as a function of acid concentration temperature and 
reaction time are shown in Figure 3.5.  These RSM plots show the highest furfural 
yields are achieved under milder conditions than those that produce high yields of 
levulinic acid with only one of the variables; acid concentration, reaction time or 
temperature required to be operated at a high level within the range tested. To 
validate the accuracy and robustness of the model a number of additional 
experiments were conducted to compare predicted yields against experimental yields 
of both levulinic acid and furfural and show good comparisons (Table 3.10). 
Table 3.10 RSM model validation of levulinic acid and furfural yields from 
mixtures of glucose and xylose with MSA catalyst 
Test 1 2 3 4 5 6 Coefficient of 
determination 
(R2 value) 
Acid concentration (M) 0.5 0.3 0.1 0.25 0.5 0.25 - 
Glucose concentration (M) 0.1 0.05 - - 0.05 0.1 - 
Xylose concentration (M) - - 0.073 0.030 0.017 0.030 - 
Temperature (°C) 180 200 180 200 180 200 - 
Reaction time (min) 45 8 30 8 15 8 - 
Predicted levulinic acid yield (%) 61.2 56.6 - - 53.7 55.2 0.959 
Observed levulinic acid yield (%) 60.6 57.1 - - 54.8 57.0 - 
Predicted furfural yield (%) - - 58.5 62.6 45.7 44.1 0.976 
Observed furfural yield (%) - - 60.4 63.3 43.8 45.5 - 
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Figure 3.4 RSM plots of levulinic acid yield from glucose and xylose 
mixtures (glucose 0.1 M; xylose 0.06 M; temperature 180 °C; time 
30 min) 
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Figure 3.5 RSM plots of furfural yield from glucose and xylose mixtures 
(glucose 0.1 M; xylose 0.06 M; temperature 180 °C; time 15 min) 
3.3.6 Reaction severity 
The combined severity factor (CSF) is a method that has been utilised in 
various hydrothermal processing studies (particularly acid pre-treatment for biomass 
solubilisation) to provide a simple way of comparing experimental results under 
different reaction conditions [30]. A simplified form of CSF can be represented by the 
equation [31]: 
100exp
14.5
n m
acid
TCSF C t            (3.5) 
where, Cacid is the molar acid concentration, n is the acid power factor, t is 
reaction time in min, m is the order of the reaction, and T is temperature in °C.  
The product yields obtained with MSA were plotted against CSF (Figure 3.6). 
The best fit for the correlation of the log of CSF to levulinic acid yield gave a value 
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of m = 1 and n = 0.93. This shows that reaction goes by pseudo-first order. The 
levulinic acid yield is linearly related to CSF up to a value of 2500 with higher CSF 
values not significantly increasing the yield of levulinic acid similar to the result 
found by other researchers [31]. For the production of furfural, m = 2 and n = 3. The 
high n value highlights the significance of acid concentration on furfural yield. There 
is no linear trend between furfural yield and CSF. Furfural yield reaches a maximum 
value with CSF of ~1000 after that yield significantly decreases. 
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Figure 3.6 Product yield plots against CSF 
R2 = 0.60 
R2 = 0.36 
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The CSF plots are in agreement with the RSM trends that levulinic acid yields 
are maximised under relatively severe reaction conditions than those of furfural. The 
levulinic acid yield is shown to plateau under more severe conditions implying the 
influence of side reactions begin to be reflected. 
3.3.7 Other chemical products 
Formic acid is the other main organic acid formed in the acid hydrolyses of 
carbohydrates. Formic acid was produced at slightly less than equal molar ratio to 
levulinic acid with glucose only as the feed, and this ratio increased when xylose was 
present in the reaction mixture (Table 3.11).  Similar ratios were obtained with 
sulfuric acid and MSA.  In a separate experiment in which 1 wt% furfural was 
reacted with 3 wt% acid catalyst at 180 °C for 30 min, it was found that 12 wt% 
(25% mol/mol) of furfural was converted to formic acid and ~20 wt% solid residue 
was also formed. Formic acid is proposed to be a co-product from the hydrolytic 
fission of the aldehyde group forming succinic di-aldehyde (butanedial), a highly 
reactive compound that subsequently forms resins and polymers as shown in Scheme 
3.1 [19]. The proposed pathway is expected to follow a similar mechanism to the 
hydrolytic conversion of HMF to levulinic acid and formic acid, also shown in 
Scheme 3.1 [32]. While butanedial was not identified in the aqueous solution, analyses 
of the solid residues by FTIR and NMR showed significant levels of aldehyde 
functionality in their respective spectra (vide infra). 
Table 3.11 Formic acid production from acid-catalysed reaction of mixtures 
of glucose and xylose 
Acid 
conc. 
(M) 
Glucose 
conc. 
(M) 
Xylose 
conc. 
(M) 
Temp. 
(ºC) 
Reaction 
time 
(min) 
Formic acid to levulinic acid molar ratio 
H2SO4 MSA 
Glucose 
only Mixture 
Glucose 
only Mixture 
0.25 0.10 0.03 160 60 0.97 1.02 0.95 1.00 
0.50 0.10 0.03 180 15 0.97 1.02 0.95 1.02 
0.25 0.40 0.25 180 30 0.97 1.12 0.97 1.11 
0.25 0.10 0.03 200 8 0.96 1.03 0.99 1.03 
 
Hydroxymethylfurfural, the unstable intermediate in the conversion of glucose 
to levulinic acid was also found in the hydrolysates in small amounts (up to 3-
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5 mol%). Also, in order of yield; acetic acid > levoglucosan > mannose > lactic acid 
> arabinose > glyceraldehyde (Appendix A - Table A15). While it was hard to 
identify trends in the formation of by-products given their small concentrations, 
higher proportions of HMF and levoglucosan (1,6-anhydro-β-D-glucopyranose) were 
formed under milder reaction conditions indicating they are intermediate products. 
Higher proportion of acetic and lactic acid was also observed in the hydrolysate from 
reactions under harsher conditions. Hydroxymethylfurfural is also known to convert 
to the reactive intermediate 2,5-dioxo-6-hydroxyhexanal (DHH) [32, 33] or under 
higher temperatures via additional reactions into 1,2,4-benzenetriol [34, 35], both of 
which are theorised to contribute to polymer formation and growth as shown in 
Scheme 3.1. 
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Scheme 3.1 Degradation of furanics to formic acid and polymers 
3.3.8 Solid product analysis 
The largest by-product of the acid-catalysed decomposition process was solid 
residue. The proportion of solid residue formed during the conversion of glucose, 
xylose and mixtures of sugars for a range of operating conditions are shown in Table 
3.12. The results show little difference between sulfuric acid and MSA as the 
catalyst. Conversion of xylose and xylose/glucose mixtures produced the highest 
proportions of solid residue than glucose alone, despite glucose being in a higher 
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proportion. However, increasing the concentration of feed materials increased the 
production of solid residue [36]. 
Table 3.12 Solid residues from the acid-catalysed conversion of sugars and 
mixtures  
Acid 
(M) 
Glucose 
(M) 
Xylose 
(M) 
Temp. 
(ºC) 
Time 
(min) 
Solid residue (wt% based on feed) 
H2SO4 MSA 
Glucose Xylose Mixture Glucose Xylose Mixture
0.25 0.10 0.03 160 60 1.9 4.8 3.1 2.3 3.8 3.3 
0.50 0.10 0.03 180 15 9.1 15.3 12.1 8.8 11.8 11.8 
0.25 0.40 0.25 180 30 17.7 23.8 28.0 17.4 25.7 27.8 
0.25 0.10 0.03 200 8 8.5 9.5 11.9 9.2 10.8 10.9 
Average 9.3 13.4 13.8 9.4 13.0 13.4 
 
The solid residue is made up of polymerised degradation products such as 
humic acids (large insoluble polymer) which predominate under severe reaction 
conditions. The precursor for humic acids, formation of humins (smaller soluble 
polymer), is proposed to occur from furfural and HMF degradation through aldol 
addition followed by condensation or polymerisation with itself or other reaction 
intermediates (i.e., sugars) [37, 38]. HMF degradation is expected to be less prevalent 
than furfural degradation due to a higher activation energy required [12]. Glucose and 
xylose can also condense to form oligosaccharides bearing reducing groups, which 
may react with intermediates or with furfural and HMF by cross-polymerisation [34, 
38]. 
3.3.8.1 FTIR analysis 
FTIR spectra acquired of the residues were normalised to the C=O stretching 
band (~1697 cm-1) to compare and determine trends in functional group contents 
with operating conditions (Figure 3.7). Compared to the spectra of HMF and furfural 
(Appendix A - Figure A1), the residues displayed prominent peaks at 1697 cm-1 and 
1606 cm-1 attributable to a carbonyl group [37, 39] and the C=C stretch of a furanic ring 
respectively [40]. The presence of the carbonyl peak at <1700 cm-1 suggests the 
carbonyl group is a conjugated aldehyde or carboxylic acid. The 1606 cm-1 peak 
decreased in intensity for residues produced from xylose and furfural indicating 
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fewer carbonyl groups were conjugated with aromatic alkene groups in these 
residues [41].  
The carbonyl and furanic ring peaks exhibited by HMF and furfural in the 
range 1650-1690 cm-1 suggests that if the residue is formed from furanics, their 
carbonyl groups are modified in conversion [37].  The peaks at 1697 cm-1 and 
1606 cm-1 shifted to lower frequency with increase in reaction temperature, time and 
xylose addition indicating strong association of components within the polymeric 
material.  
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Figure 3.7 FTIR spectra of sugar residues 
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The peaks at 3200-3400 cm-1 and 2925 cm-1 associated with O-H and C-H 
stretching decreased and broadened with increase in reaction temperature, time and 
xylose addition. The broadening of these peaks suggests the formation of carboxylic 
acids and possibly incorporation of bound water or intermolecular hydrogen bound 
species [39].  
The peak at 1515 cm-1 attributed to furanic ring stretching [37, 41] was found to 
decrease in intensity for residues formed under higher reaction temperature and 
longer time, and disappear for residues formed from xylose. This peak also shifted to 
slightly higher frequency (less association) in residues formed with increasing 
reaction temperature and time.  
The peak at 1360 cm-1 associated with C-O stretching in the furan ring [37, 40] 
was not affected by reaction temperature and time but shifted to a higher frequency 
of 1380-1390 cm-1 in residues from xylose and furfural. This may suggest that the 
furan ring of either HMF or furfural depending on the feed material provides the 
backbone to the polymeric residue. 
Peaks associated with C-O stretching and ring vibration (1280 cm-1,      
1205 cm-1, 1150 cm-1 and 1060 cm-1 [37, 40]) increased for residues under higher 
reaction temperature and longer time and decreased for residues formed from xylose 
and furfural. These peaks also shifted to lower frequencies for residues with an 
increase in reaction temperature, time and xylose addition. The peaks at 1020 cm-1 
(C-O stretch or furan ring deformation [42]) 800 cm-1 and 755 cm-1 (C-H deformation 
[37, 39]) decreased for residues under higher reaction temperature and longer time but 
increased and shifted to lower frequencies for residues formed from xylose and 
furfural. Peaks at 1465 cm-1, 930 cm-1 and 800 cm-1 also started to develop in 
residues formed from xylose and furfural and are clearly exhibited in neat furfural 
(Appendix A - Figure A1). 
Consistent with condensation/polymerisation of furanics and sugars to form 
humic materials, the FTIR peaks for the solid residues associated with furanic rings 
and carboxyl groups were largely suppressed (broadened) compared to the spectra 
obtained with the furanics alone. Most peaks were also shifted to lower frequencies 
with increasing reaction severity laying further credence to fusing of the 
aromatic/furanic backbone structure. This trend is also exhibited in hydrothermally 
produced chars [29]. There are some major differences in the FTIR spectra between 
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the residues formed from either pentose or hexose feeds resulting from the furanic 
intermediate responsible (furfural or HMF) for the mechanism of humin formation 
[43]. 
3.3.8.2 NMR analysis 
In an attempt to gain further insight into the characteristics of the solid residue, 
NMR analysis was conducted. Proton spectra of the residues from MSA-catalysed 
conversion of glucose, xylose and sugar mixtures are shown in Figure 3.8 and 
qualitatively detail the formation of humps with superimposed peaks in the aliphatic 
(δH = 0.8-3.2 ppm), anomeric and oligomeric sugars (δH = 3.65-5.25 ppm), aromatics 
(δH = 6-8.5 ppm) and aldehydic regions (δH = 9-11 ppm). The residues from mixtures 
of xylose and glucose showed the development of numerous additional superimposed 
peaks as well as development of the magnitude of the hump regions. Similar results 
but with lesser development of humps were reported for the conversion of fructose 
[44].  
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Figure 3.8 Proton spectra of xylose, glucose and sugar mixture residues 
obtained with MSA 
The most prominent distinct peaks were for levulinic acid (δH = 2.1, 2.38, and 
2.65 ppm) although integration and comparison to an internal standard estimates that 
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levulinic acid comprises only 0.15 wt% of the dissolved residue (i.e., 0.06 wt% of the 
total residue). As the identified peaks contribute to a very small amount of the total 
dissolved residue, by chemical intuition it can be inferred that the polymeric material 
is represented by the humps which are not artefacts in the spectra. Integrated areas 
under the hump regions (as a measure of proportion of hydrogen in each region) of 
the spectra are detailed in Table 3.13 and showed that the residues from sugar 
mixtures contained approximately twice the amount of oligomerics (δH = 3.65-
5.25 ppm) and aromatics (δH = 6-8.5 ppm) relative to the aliphatic region of residues 
from glucose alone. Not surprisingly the residues from acid-catalysed conversion of 
furfural (and xylose) contained significantly higher proportion of aromatics. The use 
of a stainless steel reactor produced residues with increased humps in all regions 
relative to the aliphatic region.  
Table 3.13 Proton NMR relative intensity of functional groups compared to 
aliphatic groups in the residues 
Spectra region Aliphatic 
(0.8-3.2 ppm) 
Anomeric  
(3.65-5.25 ppm)
Aromatic 
(6-8.5 ppm) 
Aldehydes 
(9-11 ppm) 
Glucose residue (MSA) 100 19.0 21.6 1.6 
Glucose residue (H2SO4) 100 15.3 19.0 2.1 
Glucose residue (H2SO4)* 100 20.0 27.5 4.6 
Mixture residue (MSA) 100 36.5 35.3 1.9 
Mixture residue (H2SO4) 100 29.6 37.6 6.4 
Xylose residue (MSA) 100 22.2 47.4 3.7 
Furfural residue (MSA) 100 5.8 59.5 2.4 
* Stainless steel reactor. 
The NMR spectra were baseline corrected to remove the polymeric humps and 
the overlying water peak was suppressed to obtain more information on the specific 
peaks. Proton spectra of sugar mixture residues produced for both sulfuric acid and 
MSA-catalysed reactions were compared and showed little difference (Figure 3.9). 
The only observable difference was the methyl group peak at δH = 2.32 ppm 
associated with MSA indicating a small portion of the catalyst is adsorbed into the 
residue matrix. Two-dimensional NMR experiments (Appendix A - Figures A2, A3 
and A4) showed no immediate links to neighbouring hydrogens further confirming 
no chemical bond formation with MSA. The amount of catalyst in the residue was 
typically <0.1% which amounts to an insignificant loss of catalyst that is adsorbed 
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into the solid residue matrix. The 2D-NMR techniques were able to confirm the 
structures of levulinic acid, furfural and HMF but also identified links between 
carbon and hydrogen in additional oligomeric and furanic/phenolic compounds. It is 
noted that the limited dissolution of the residue affected the sensitivity of these 2D-
NMR techniques (as well as carbon (13C) spectra) so; the only information obtained 
was identification of major compounds.  
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Figure 3.9 Proton NMR spectra of residues – baseline corrected (comparison 
of catalyst) 
For the glucose residues, after levulinic acid, the next largest prominent peak 
was at δH ~1.23 ppm identified as methylene (CH2) group by HSQC analysis 
(Appendix A – Figure A3) and may be associated with a fatty acid compound [45]. 
The proton spectra also identified smaller amounts of acetic acid (~0.01 wt%) and 
formic acid (0.002-0.02 wt%) in the glucose residue. Furfural and HMF were also 
found in the residues obtained from the conversion of sugar mixtures in levels up to 
0.02 wt%. The molar ratios of the various products relative to levulinic acid are 
detailed Table 3.14. Residues obtained from glucose conversion using a stainless 
steel reactor instead of a glass ampoule showed increased levels of aliphatic alkyl 
fragments (δH = 0.85-1.3 ppm) as well as peaks associated with furfural and HMF.  
The emergence of these furanic peaks is likely due to increased levels of these 
compounds in the hydrolysate possibly allowing small amounts to be adsorbed into 
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the residue matrix as well as the catalytic nature of the steel reactor that contributes 
to the production of higher yield of solid residue. 
Residues produced from the conversion of xylose and furfural showed 
significantly higher relative levels of aliphatic alkyl fragments (fatty acid), acetic 
acid, formic acid, furfural and MSA simply because of the low levels of levulinic 
acid in these residues (Table 3.14). Comparisons of the proton spectra of xylose and 
furfural residues (Figure 3.10) showed very similar results indicating that most of the 
residue formed from xylose is via conversion and then degradation of furfural. 
Proton NMR intensity of compounds relative to levulinic acid in the residue 
Table 3.14 Relative molar amounts of product to levulinic acid in the 
residues 
Product Levulinic 
acid 
Acetic 
acid 
Formic 
acid 
Furfural HMF MSA 
Glucose residue (MSA) 100 4.0 1.2 n.d. n.d. 61.2 
Glucose residue (H2SO4) 100 6.9 14.7 n.d. n.d. n.d. 
Glucose residue (H2SO4)* 100 7.4 11.6 13.1 33.4 n.d. 
Mixture residue (MSA) 100 8.2 1.5 17.4 1.5 22.2 
Mixture residue (H2SO4) 100 5.5 2.5 14.6 1.2 - 
Xylose residue (MSA) 100 28.0 172.8 254.7 n.d. 109.2 
Furfural residue (MSA) 100 86.0 950.7 717.5 n.d. 159.9 
* Stainless steel reactor.  n.d. – Not detected. 
The procedure for collecting the solid residue involved vacuum filtration with 
the addition of three washes (3 x 5 mL). This ensures maximal recovery of levulinic 
acid that may be associated with the solid material [46]. To determine if the procedure 
was satisfactory, the residue was further washed with water (10 mL) and diethyl 
ether (10 mL). The combined hydrolysate was evaporated to remove the solvent 
before analysis. No levulinic acid was found in the processed hydrolysate indicating 
that the levulinic acid identified in the residue is physically entrapped/incorporated in 
the residue structure. Low molar amounts of formic acid were identified in the 
residue even though the hydrolysate contained roughly equi-molar amounts of both 
levulinic and formic acids. This may be due to the fact that formic acid is of lower 
molecular weight and diffuses more easily through the polymeric material and so is 
not trapped.  
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Figure 3.10 Proton NMR spectra of xylose and furfural residues – baseline 
corrected 
A simple 1D-DOSY experiment measuring NMR spectra of varying pulsed 
field gradient strengths typically used to determine diffusion coefficient (or indirectly 
molecular weight) as a measure of signal decay is shown in Figure A5 (Appendix A). 
These data showed that the peaks of the smaller molecular weight organic 
compounds decrease much faster than the underlying polymeric humps with an 
increase in field gradient such that only the polymeric humps remain. This further 
confirms the humps are indeed higher molecular weight polymeric material.  The 
resultant diffusion correlation (Appendix A - Figure A6) shows a number of distinct 
peaks that correlate to the smaller molecular weight organic compounds and 
overlapping bunched peaks relating to the polymeric material of much lower 
diffusion.  
3.3.8.3 Elemental analysis    
Elemental analyses (Table 3.15) show that the carbon content in the residues 
was significantly higher, and the hydrogen and oxygen significantly lower relative to 
the initial sugar starting material as well as typical biomass sources. There was little 
difference in the composition of residues from different sugar or furanic starting 
materials. The lower oxygen content of the residue provides a higher calorific 
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heating value (~22 MJ/kg) such that it would be useful as a replacement to other 
biomass fuel sources (i.e., bagasse of 18 MJ/kg) in combustion boilers. Importantly, 
no sulfur (<0.1 wt%) from the catalyst was detected in the solid residues, confirming 
the low levels observed in the NMR analyses.  
Table 3.15 Elemental composition of feed materials and solid residues  
Sample Carbon (%) 
Hydrogen 
(%) 
Sulfur 
(%) 
Oxygen 
(%) 
HHV 
(MJ/kg) 
Feed materials 
Glucose/xylose 40.0 6.7 n.d. 53.3 17.6 
Sugarcane bagasse* 44.8 5.9 <0.1 45.3 18.3 
HMF  57.1 4.8 n.d. 38.1 21.1 
Furfural 61.9 5.2 n.d. 33.0 22.7 
Solid residues 
Glucose 63.1 4.8 <0.1 32.1 22.8 
Glucose + xylose mixture 63.7 3.8 <0.1 32.5 22.3 
HMF [47] 63.1 4.2 n.d. 32.7 22.4 
Furfural 65.2 4.0 <0.1 30.8 22.9 
* Compositional analysis: 43.0 wt% cellulose, 19.1 wt% hemicellulose, 24.3wt% lignin (see Section 
4.3.1).  
n.d. – Not detected. 
3.4 CONCLUSIONS 
Sulfonic acids are suitable catalysts for the conversion of glucose/xylose 
mixtures to levulinic acid and furfural. Fast heating rate allows optimum yields of 
levulinic acid (and furfural) to be achieved at relatively short reaction times.  High 
yields of levulinic acid can be achieved across a range of variables as long as two out 
of the three conditions are met: high acid catalyst concentration, long reaction time 
or high temperature within the range tested, as levulinic acid is relatively stable once 
formed. However, increasing the temperature to 200 °C shows a decrease in yield 
with increasing reaction time ascribed to more prevalent humic material formation 
under these conditions. High yield of furfural is achieved under dilute feed 
concentrations as furfural degradation was enhanced under higher reactant loading. 
With the presence of xylose in the mixture, the levulinic acid yield was slightly 
higher, though its presence increases the amount of solid residue formed. The 
 Chapter 3: Acid-Catalysed Conversion of Simple Carbohydrates 91 
aromatic, oligomeric and carbonyl content in the solid residue increased with 
reaction temperature, reaction time and xylose content.  
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Chapter 4: Acid-Catalysed Hydrolysis of 
Bagasse 
 
PREAMBLE 
Many strategies for chemical conversion of biomass rely on the 
effective in-situ depolymerisation of inherent carbohydrate polymers to 
their monomeric sugars and/or anhydro-sugars. It was found in Chapter 3 
that low corrosivity, homogeneous sulfonic acids provided similar 
selectivity to mineral acids for the production of levulinic acid and 
furfural from mixtures of simple sugars.   The research was expanded in 
this chapter by examining the use of MSA for the hydrolysis of bagasse 
(a complex carbohydrate) to levulinic acid, formic acid and furfural.  The 
impact of lignin and ash content, particle size and pre-treatment of 
bagasse as well as reaction conditions on product yields were 
investigated. Characterisation of the polymer residue of bagasse obtained 
after hydrolysis was undertaken to determine its composition and 
properties as well as the fate of the lignin component. 
Preliminary liquid-liquid extraction studies were undertaken on 
synthetic and composite hydrolysates to examine the extraction and 
recovery of products using selected extraction solvents in place of the 
conventional vacuum distillation recovery process.  
This chapter addresses the second and fourth research objectives. 
Objective 2 - Study the hydrolysis of sugarcane bagasse using methanesulfonic 
acid. Examine the effect of pre-treatment, biomass composition, and particle 
size on product yield. 
Objective 4 - Investigate extraction processes for levulinic acid recovery.   
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4.1 INTRODUCTION 
Limited studies have been conducted on the production of levulinic acid from 
sugarcane bagasse. A kinetic investigation by Girisuta and co-workers [1] found 
optimal levulinic acid yields (63 mol%) were achieved with sulfuric acid at 150 °C 
but required a long reaction time of 6 h. Other researchers [2] found levulinic acid 
yields of 82.7 mol% could be achieved with HCl by working at 225 °C for 45 min. A 
batch process proposed by Ramos-Rodriguez et al. [3] allowed concomitant 
production of levulinic acid and furfural from bagasse using a two-stage reaction 
process where furfural (68.1 mol% yield) was vented part way through the reaction 
at a lower temperature (170 °C) before continuing the reaction at higher temperature 
(195 °C) to achieve a levulinic acid yield of 47.2 mol% yield. The Biofine process [4] 
expands on this two-stage technology using continuous reactors with short heating 
rates and is able to achieve higher yields (>70 mol% of both levulinic acid and 
furfural – see Section 2.7.2). All these investigations utilised mineral acid catalysts 
and the variation in yield data reflects the different processing conditions (i.e., 
heating rates) and reactor design employed. 
The conversion of bagasse is a complex process requiring fractionation and 
depolymerisation of cellulose and hemicellulose prior to conversion into levulinic 
acid and furfural. The lower molecular size and amorphous structure makes 
hemicellulose more readily amenable to depolymerisation [5]. As the conversion of 
biomass is a heterogeneous reaction, mass-transfer effects and other physical effects 
(solubility and carbohydrate structure) may play an important role in reaction rates [5, 
6]. Depolymerisation has long been recognised as the bottleneck for the conversion of 
biomass due to limited solubility of cellulose in aqueous solutions and high 
temperatures required for conversion [7].  Pre-treatment processes that fractionate 
lignin and carbohydrates and/or increase the accessibility of cellulose to reaction 
have been investigated as a means to improve yields and reactions with biomass [8-10]. 
Removing hemicellulose and lignin from the lignocellulosic matrix will increase the 
accessibility of the cellulose component [9]. The effects of pre-treatment strategies 
have not been extensively assessed in studies of levulinic acid and furfural 
production from biomass. This will be undertaken in the present project. 
The hydrolysis of cellulose is strongly influenced by the degree of crystallinity 
[11] and the swelling state of cellulose and so can be affected by mechanical pre-
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treatment [12]. Kinetic investigations revealed that cellulose particle size in the range 
74-840 μm did not affect hydrolysis reaction rates [13]. Most laboratory research 
involves grinding biomass to a particle size <1 mm [2, 14].  The effect of particle size 
on the conversion of biomass to levulinic acid has not been reported before. The 
present study will investigate this with sugarcane bagasse. 
The presence of lignin may affect decomposition reactions and increase 
product complexity by forming acid soluble lignin-derived components, and re-
polymerising with itself or other components to undesired soluble and insoluble-
polymeric materials. Hence in this project, the fate of lignin has been investigated. 
Product recovery from acidic hydrolysates traditionally involves either vacuum 
(or steam) distillation or solvent extraction methods.  Distillation processes are 
generally used to separate lower boiling organic acids and furfural, but can be energy 
intensive when separating levulinic acid (boiling point: 245 °C) from the acid 
catalyst (boiling point: >300 °C). Solvent extraction can be more energy efficient 
relying on selective partitioning of the products into the solvent (organic phase) 
while excluding the catalyst in the aqueous phase. The solvent is then boiled off to 
recover the desired products, while the catalyst is recycled with the aqueous phase. 
The recovery of organic acids (formic, acetic and levulinic acid) and furfural from 
hydrolysates with typical extraction solvents is reported in this chapter.  
4.2 MATERIALS AND METHODS 
4.2.1 Materials 
Chemicals used for analyses include ultra pure Millipore-Q water, D-(+)-
xylose (99%), D-(+)-glucose (99%), DL-glyceraldehyde (90%), 5-
hydroxymethylfurfural (99%), L(+)-lactic acid (98%), levulinic acid (98%), 
propionic acid (99.5%), sodium chloride (99%), 2-methyltetrahydrofuran (99%), 4-
methyl-2-pentanone (99.5%), and 2-sec-butylphenol (98%)  purchased from Sigma 
Aldrich; D-(+)-cellobiose (99%), formic acid (98%) and 2-furaldehyde (99%) 
purchased from Fluka Analytical; 1,6-anhydro-β-D-glucopyranose (99%) purchased 
from Acros Organics; sodium hydroxide (NaOH) pellets (97%) and maleic acid 
(99%), and sulfuric acid (98%) purchased from Merck; methanesulfonic acid (~70%) 
purchased from BASF; and glacial acetic acid (99.7%), ethyl acetate (99%), and n-
butanol (99.5%) purchased from Chem Supply. Deuterated dimethylsulfoxide and 
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deuterium oxide was purchased from Sigma Aldrich (99.9 atom% D). All the 
chemicals were used as received.   
Micro-crystalline cellulose (Avicel® PH-101) having a particle size range (75-
200 µm) was purchased from Sigma Aldrich and powdered cellulose (Solka-Floc® 
300-FCC)  having a particle size range (30-75 µm) was purchased from International 
Fiber Corporation. Sugarcane bagasse was collected from Racecourse sugar mill 
(Mackay Sugar Limited) in Mackay, Australia. Sugarcane bagasse was washed to 
remove residual sugars and larger sand and rock particles and then dried in a vacuum 
oven (50 °C) to constant weight (~7.9 wt% moisture).   
4.2.1.1 Bagasse samples 
Dried untreated bagasse was ground to fine particle sizes by a cutter grinder 
(Retsch® SM100, Retsch GmBH, Germany). The milled bagasse was passed through 
2.0, 0.5 or 0.2 mm aperture screens.  
Whole (non-milled) bagasse was subjected to an alkaline pulping (soda 
process) in an 18 L stirred Parr reactor at 170 °C for 75 min using 12:1 liquor to fibre 
ratio with 0.4 M NaOH solution. Following alkaline treatment, the pulp was filtered 
from the black liquor and washed several times with water and then dried to constant 
weight (~7.8 wt% moisture). The pulp is termed soda low lignin pulp.  
Two sets of bagasse samples were obtained from pre-treatments carried out in 
the laboratory and the Mackay Renewable Biocommodities Pilot Plant (MRBPP).  
For the laboratory procedure, bagasse was milled and passed through the 
0.5 mm aperture screen and followed by: 
 One treatment involving reacting 4.0 g (dry weight) bagasse with 1.2% HCl 
in the IL, 1-butyl-3-methylimidazolium chloride, and 20% water at 130 °C 
for 60 min [15]. The treatment was carried out with 10:1 liquor to fibre ratio 
and was conducted in a magnetically stirred and sealed flask immersed in an 
oil bath. Following pre-treatment, an equal amount of water was used to wash 
the pulp which was filtered from the IL. The pulp was further washed with 
dilute NaOH to remove residual catalyst and then filtered and dried. This 
material is termed IL pulp. 
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 A second treatment involving reacting 4.0 g (dry weight) bagasse with 1.2% 
sulfuric acid in ethylene glycol and 10% water at 130 °C for 30 min [16]. 
Similar to the IL pulping process, the treatment was undertaken with 10:1 
liquor to fibre ratio and following treatment the pulp was washed with both 
water and dilute NaOH and dried. This material is termed EG pulp. 
For the MRBPP pilot bagasse, treatment was conducted in a 150 L stainless 
steel horizontal reactor (Andritz, USA) with non-milled bagasse. Three pre-treatment 
processes were conducted: 
 Bagasse (20 kg at 52.5% moisture) was reacted with 0.8 M NaOH solution at 
170 °C for 30 min using 6:1 liquor to fibre ratio. Following treatment, the 
pulp was subjected to steam explosion at 150 °C (2000 kPa) for 5 min and 
then filtered and dried. No washing of the pulp was carried out. This material 
is termed soda medium lignin pulp. 
 Bagasse (20 kg at 52.5% moisture) was reacted with 1.5 M NaOH solution at 
170 °C for 30 min using 6:1 liquor to fibre ratio. The pulp was then filtered 
and washed with water (1:1 liquor to fibre ratio) at 150 °C for 10 min. The 
washed pulp was subjected to steam explosion at 150 °C (2000 kPa) for 5 min 
and then filtered and dried. This material is termed soda high lignin pulp. 
 Bagasse (20 kg at 52.5% moisture) was reacted with 0.45 wt% H2SO4 (on dry 
fibre) at 170 °C for 15 min using 3:1 liquor to fibre ratio. Following 
treatment, the pulp was subjected to steam explosion at 185 °C (2000 kPa) for 
5 min and then filtered and dried. The material is termed acid pulp. 
The pre-treated bagasse samples were all dried (50 °C vacuum oven overnight) 
to constant weight (~2-8 wt% moisture) prior to the hydrolysis trials. 
4.2.2 Experimental 
4.2.2.1 Hydrolysis reaction 
The procedure for conducting the hydrolysis experiments is similar to that 
described in Section 3.2.2. A similar experimental design using RSM and statistical 
analysis as described in Section 3.2.2.1 was also used based on the following 
operating variables: acid concentration (A); biomass feed concentration (B); biomass 
particle size (C); temperature (D); and reaction time (E).  
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4.2.2.2 Liquid-liquid extraction 
A number of synthetic hydrolysates were prepared containing varying 
concentrations of MSA, levulinic acid, formic acid, acetic acid and furfural. Liquid-
liquid extractions were carried out in 15 mL graduated cylinder vials. A given 
volume of aqueous hydrolysate and extraction solvent were added to the vial and 
shaken for approximately one minute in a vortex mixer typically at ambient 
temperature. The phases were then separated and weighed before analysis. Selected 
operating variables tested include the ratio of solvent to hydrolysate, extraction 
temperature and addition of salt to assist phase separation.  
The partition coefficient (KD) was calculated as follows: 
 
 D
Concentration of product in organic phase
K
Concentration of product in aqueous phase
    (4.1) 
The composition of liquid products was determined by HPLC analysis. The 
retention of the acid catalyst in the aqueous phase was determined by NMR 
spectroscopy. 
4.2.3  Analytical methods 
4.2.3.1 Feed characterisation 
The structural features (particle size, crystallinity, and the structural linkages 
and attributes) of treated and untreated bagasse can provide information that can be 
used to explain the hydrolysis performance. Bagasse samples were characterised by 
compositional analysis, X-ray powder diffraction (XRD) and FTIR spectroscopy. 
The ash contents of selected bagasse samples were also analysed by energy 
dispersive x-ray spectroscopy (EDX).   
The procedures used for compositional analyses of the bagasse samples were 
based on those reported by NREL [17].  Briefly, the NREL procedure for structural 
carbohydrates and lignin determination uses a two-step acid hydrolysis process to 
fractionate bagasse into glucose, xylose, arabinose, galactose, acid insoluble lignin 
and acid soluble lignin.  Analysis was conducted in duplicate.To quantify the sugars 
content, hydrolysates were neutralised with calcium carbonate and analysed by 
HPLC using a Shodex Sugar SP0810 column and a Waters 410 refractive index 
detector.  The column was operated at 85 °C and eluted with MQ water at a flow rate 
of 0.6 mL.min-1.  
 Chapter 4: Acid-Catalysed Hydrolysis of Bagasse 101 
The acid insoluble lignin determined by gravimetry, and the acid soluble lignin 
determined by UV spectroscopy.  The moisture contents of the samples were 
determined from the amount of total solids remaining after drying at 105 °C to a 
constant mass.  The ash content of a bagasse sample is expressed as the percentage of 
residue remaining after dry oxidation at 550 °C to 600 °C, the result reported to the 
105 °C oven dry mass of the sample.  
The concentration of polymeric sugars (cellulose and hemicellulose) was 
calculated from the concentration of their corresponding monomeric sugars, using an 
anhydro-correction based on the following equations:  
  180Cellulose glucose galactose mannose 162      (4.2) 
where 162 is the molecular weight of glucan unit in cellulose and 180 is the 
molecular weight of hexose sugars.   
  150Hemicellulose xylose arabinose 132     (4.3) 
where 132 is the molecular weight of xylan unit in hemicellulose and 150 is the 
molecular weight of pentose sugars. 
The XRD analysis of the bagasse samples was carried out using a X-ray 
diffractometer (PANalytical, The Netherlands) with Cu Kα radiation (λ = 1.5418 nm) 
operating at a voltage of 40 kV and a current of 40 mA. The 2θ range was from 4° to 
35° in steps of 0.033° at a rate of 2.4°.min-1. XRD analysis was used to estimate the 
crystallinity index (CrI) of the bagasse samples calculated by:  
002
002 
AMI ICrI
I
     (4.4) 
where I002 is the intensity of the crystalline peak at 2θ = 22.2°, IAM is the 
“valley” intensity of amorphous cellulose, hemicellulose and lignin at 2θ = 18.5° [18]. 
The procedure for the FTIR analysis is given in Section 3.2.3.2.  
Samples of bagasse were ashed at 575 °C for 4 h in a muffle furnace. The ash 
samples were mounted on an aluminium stub using carbon tape and analysed by 
EDX. The EDX spectra were collected with an EDAX 30 mm2 SiLi detector, and 
EDAX Genesis software (v5.11). They were examined uncoated, under low vacuum, 
in an FEI Quanta 3D SEM with a 20 kV energy beam.  
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4.2.3.2 Liquid product analysis 
The concentrations of liquid products in the hydrolysates were determined by 
HPLC analysis according to the procedure described in Section 3.2.3.1. A typical 
chromatogram of hydrolysate from bagasse treated with 0.3 M MSA at 180 °C is 
shown in Figure 4.1.  
0 5 10 15 20 25 30 35 40 45 50 55
Time (min)
Glucose
HMF
Xylose
Furfural
Levulinic acid
Eluent
Formic acid Acetic acid
 
Figure 4.1 Typical chromatogram of a product mixture obtained from the 
acid-catalysed decomposition of bagasse. The product mixture 
contains glucose (RT = 9.2 min), xylose (RT = 10.2 min), formic 
acid (RT = 14.2 min), acetic acid (RT = 15.3 min), levulinic acid 
(RT = 16.2 min), HMF (RT = 32.2 min), and furfural (RT = 
46.2 min) 
The quantities of products were calibrated against standard solutions of known 
concentrations and converted to theoretical molar yields based on initial glucose or 
xylose content respectively.  
 
Mol of product in hydrolysateProduct yield (mol%)
Mol of hexose sugars or pentose sugars  in feed
  (4.5) 
Conversion of heterogeneous feedstocks (i.e., cellulose or biomass) to levulinic 
acid (and furfural) complicates the method of reporting yields [19]. While wt% yields 
are commonly adopted in biomass conversion studies, yields in mol% are used in this 
work to allow comparison to the results of Chapter 3.  
 Chapter 4: Acid-Catalysed Hydrolysis of Bagasse 103 
4.2.3.3 Solid product analysis 
The solid residue produced in the hydrolysis reaction was analysed by 
elemental analysis, FTIR and NMR spectroscopy following the procedures detailed 
in Section 3.2.3.2. For the NMR analysis, low dissolution of the residues were 
achieved with only ~15-20% of 25 mg of residue dissolved in 1 mL of DMSO-d6 
(compares to 30-40% dissolution achieved with residues from the conversion of 
sugars). One-dimensional proton (1H) and carbon (13C) spectra and two-dimensional 
NMR techniques; total correlation spectroscopy (TOCSY) and HSQC methods were 
conducted.  
4.3 RESULTS AND DISCUSSION 
4.3.1 Biomass characterisation 
Compositional analysis of the various treated and untreated bagasse are given 
in Table 4.1. All the pre-treatments increased the proportion of glucan content 
relative to the untreated bagasse and decreased the proportion of lignin content 
(except for the acid pulp). All the pre-treatments also decreased the proportion of 
hemicellulose content relative to the untreated bagasse except for the laboratory soda 
pulp that has low lignin content. The pilot plant soda pre-treatments produced pulps 
of markedly higher lignin content compared to the laboratory produced soda pulp 
because of shorter reaction time (30 min instead of 75 min) despite higher NaOH 
concentration. The soda pulp with the highest proportion of lignin content was 
obtained with the treatment with the highest NaOH concentration, because of partial 
cellulose degradation.  
The solvent pre-treated bagasse samples (EG and IL pulp) produced the highest 
proportion of cellulose and lowest proportion of lignin. This clearly shows that these 
solvents in the presence of acids are very effective in fractionating bagasse into its 
components.  
The  mineral constituents of the ashes of selected bagasse samples were 
determined by EDX and the results are presented in Table 4.2. The EDX spectra are 
included in Appendix B (Figures B1 to B4).  The main oxides are silica, and oxides 
of calcium, sodium, magnesium, aluminium and iron.  The ash in bagasse contains 
~21% inorganic alkali salts, within the range of 20-25% previously reported for 
sugarcane bagasse ash [20].  The ash from acid pulp contained slightly less alkali salts 
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(~17%), whereas the ash from the soda pulps contained significantly higher 
proportions of inorganic alkali salts (35-35%), a reflection of an inadequate washing 
process. While mineral constituents in ash can have a catalytic effect in biomass 
degradation reaction [21], due to their basic nature, ash can impart a neutralising effect 
on acid-catalysed reactions [22].    
Table 4.1 Composition of treated and untreated bagasse samples 
 Laboratory treated bagasse MRBPP treated bagasse 
Compositiona 
(wt%) 
Bagasse 
Soda 
low 
lignin 
pulp 
EG 
pulp
IL 
pulp Bagasse
b 
Soda 
medium 
lignin 
pulp 
Soda 
high 
lignin 
pulp 
Acid 
pulp 
Extractives 2.0 - - - 7.2 - - 2.9 
Cellulose  43.0 60.9 83.7 92.8 45.2 58.5 55.4 52.4 
Hemicellulose 19.1 23.9 5.7 1.2 18.7 16.7 15.1 3.2 
Lignin (total) 24.0 8.8 5.1 3.0 27.2 12.3 14.9 29.6 
 - Acid soluble 4.7 6.5 1.5 1.1 5.7 5.4 5.5 2.3 
 - Acid insoluble 19.3 3.3 3.6 1.9 21.5 6.9 9.4 27.3 
Ash 6.2 2.0 1.8 0.6 7.8 15.1 12.7 11.4 
a Reported on an oven dry weight basis. Average of duplicate samples. 
b Initial bagasse used for Mackay Pilot Plant pre-treatments.  
Table 4.2 EDX results for the ash composition in bagasse feed materials 
Metal oxide 
(wt%) Bagasse Acid pulp 
Soda low lignin 
pulp 
Soda high lignin 
pulp 
Na2O 2.16 1.28 7.71 17.85 
MgO 3.37 1.39 8.81 2.42 
Al2O3 4.59 9.43 5.69 9.79 
SiO2 62.87 65.63 36.33 46.66 
P2O5 2.43 1.03 1.54 0.64 
SO3 1.57 2.72 0.65 0.80 
K2O 2.82 2.69 1.22 1.46 
CaO 8.16 2.29 19.35 2.73 
TiO2 0.00 0.78 0.43 0.78 
Fe2O3 3.30 4.30 5.10 11.14 
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A number of peaks in the XRD spectrum (at 2θ = 15°, 16°, 21°, 22.5°) assigned 
to crystalline cellulose [18] were enhanced following pre-treatment (Appendix B - 
Figure B5). Peaks observed in the XRD spectra between 2θ = 26° and 28° are likely 
associated with ash and soil contamination [23]. The XRD analysis (Table 4.3) show 
that the estimated crystallinity index of the pre-treated bagasse samples (0.75 − 0.79) 
were slightly higher than that of untreated bagasse (0.67).  The slight increase in 
crystallinity index is attributed to the removal/dissolution of amorphous components 
such as amorphous cellulose, xylan and lignin during pre-treatment [24]. For 
comparison, Avicel (micro-crystalline cellulose) has a higher measured crystallinity 
index (and more enhanced peaks) compared to the pre-treated bagasse samples (0.9) 
whereas Solka-Floc has the lowest crystallinity index of 0.6.  
Table 4.3 Crystallinity of bagasse samples 
 Solka-Floc Avicel Bagasse
Soda low 
lignin pulp 
Soda medium 
lignin pulp 
Acid 
pulp 
EG 
pulp 
IL 
pulp 
Crystallinity 
Index 0.60 0.90 0.67 0.75 0.79 0.76 0.78 0.76 
 
Figure 4.2 shows the FTIR spectra of the two commercial cellulose samples 
and the spectrum of untreated bagasse. The bagasse spectrum contained additional 
peaks (1733 cm-1, 1605 cm-1, 1510 cm-1, 1245 cm-1 and 835 cm-1) associated with 
lignin and hemicellulose.  Fourier Transform Infra-Red spectroscopy was also used 
to study chemical differences in the pre-treated bagasse samples with difference 
spectra (Figure 4.3) generated by subtracting the absorbance obtained for pre-treated 
bagasse from the spectra obtained for untreated bagasse. Therefore, a positive 
difference represents loss of a spectral feature and a negative difference represents 
gain of a spectral feature. The acid and solvent-treated bagasse difference spectra are 
shown in Appendix B (Figure B6). Broad peak bands at 3200-3400 cm-1 and 2900 
cm-1 associated with O-H and C-H stretching [25, 26] are prevalent in all samples, but 
are more pronounced for crystalline cellulose. The peak at 1645 cm-1 is attributed to 
the bending mode of adsorbed water, the peaks at 1410-1460 cm-1, 1375 cm-1 and 
1325 cm-1 represent C-H deformation bands [27] and the region of FTIR spectrum 
from 1200-1000 cm-1 represents C-O stretch and deformation in not just cellulose, 
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but also lignin and hemicellulose [25]. The peak at 1170 cm-1 represents C-O-C 
stretching of ester groups [27].  The peak at 900 cm-1 is characteristic of β-glycosidic 
linkage deformation between the sugar units in carbohydrates [25, 28] and each of the 
pre-treatments result in greater intensity of this band as shown in the difference 
spectra of Figure 4.3, indicating the increase in cellulose content.  
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Figure 4.2 FTIR spectra of cellulose and bagasse  
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Figure 4.3 FTIR difference spectra of soda-treated bagasse samples with 
untreated bagasse 
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Hemicellulose-associated peaks at 1733 cm-1 (uronic acid ester bonds formed 
between the carboxylic acid and hydroxyl groups in hemicellulose and lignin [25, 26]), 
and at 1245 cm-1 (assigned to β-ether bonds in lignin [28] or acetyl groups in 
hemicellulose [26, 29]) were non-existent in the cellulose samples (Figure 4.2) and 
reduced in intensity for all pre-treatments (Figure 4.3) indicating that these bonds 
(hemicellulose-lignin and β-ether) are disrupted during pre-treatment.  
Lignin-associated peaks including at 1605 cm-1 and 1510 cm-1 (assigned to 
aromatic skeleton vibrations in lignin [30, 31]), at 1460 cm-1 and 1415 cm-1 (assigned to 
methoxy groups in lignin [28]), and at 835 cm-1 (which belongs to a C-H out of plane 
vibration in lignin [31]) diminished or disappeared with all the pre-treatments except 
for the acid pulp (due to higher proportion of lignin content).  The peak at 1100 cm-1 
is generally attributed to crystalline cellulose but can be overshadowed by lignin ring 
skeletal vibrations [26, 29] and explains why no clear trend was evident from the 
different pre-treatments. 
4.3.2 Hydrolysis of bagasse 
Acid hydrolysis studies using MSA as catalyst were conducted on treated and 
untreated bagasse to evaluate the effect of operating variables (i.e., acid 
concentration, biomass feed concentration, biomass particle size, temperature and 
reaction time) on the amounts of products formed. Trials were also conducted on 
Avicel and Solka-Floc cellulose for comparison. 
4.3.2.1 Levulinic acid and formic acid formation 
Table 4.4 details the operating conditions and yields of levulinic acid and 
furfural of selected trials using bagasse and MSA catalyst. The full experimental 
results are presented in Appendix B (Table B1). High yields of ~60-65 mol% 
levulinic acid was achieved with MSA.  Similar yields were produced with glucose 
(Section 3.3.2), albeit the hydrolysis of bagasse required longer reaction times to 
achieve similar yields.  
Formation of humic polymers is the main competing pathway in the conversion 
of HMF to levulinic acid and it is suppressed at lower temperatures and low HMF 
concentration [32]. With a heterogeneous reaction system, the cellulose fraction in 
bagasse is slowly depolymerised to glucose in-situ which subsequently dehydrates to 
HMF. The rate of HMF formation is typically lower than HMF conversion [6, 14] such 
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that gradual cellulose hydrolysis provides a slower concentration of HMF in the 
reactor reducing the amount of humic polymer formed compared to aqueous glucose 
solutions. This sequence of events explains why the yield obtained with bagasse is 
similar to that of glucose, as the side reaction will be enhanced in the latter system 
reducing the amount of levulinic acid formed. The negative interference caused by 
the presence of lignin in bagasse is minimised because of the depolymerisation 
process that releases small amounts of simple sugars at any one time.  
In general, the results (Table 4.4) show that levulinic acid yield increases with 
reaction time and acid concentration and reduces with feed concentration. Feed 
particle size has a slight effect on yields. There was also a trend of increasing 
levulinic acid yield with temperature from 160 °C to 180 °C, but further increase in 
reaction temperature to 200 °C resulted in a slight reduction in yield.  The latter 
effect can be explained by the undesired decomposition pathway of HMF to 
polymeric humins and the stability of levulinic acid once formed. Similar trends were 
observed in the conversion of monomer sugars to levulinic acid (Section 3.3.2).   
The average molar ratio of formic acid to levulinic acid is ~1.2 compared to a 
ratio of 0.97-1.1 for glucose, and glucose/xylose mixtures. While the main reaction 
pathway of hexose sugars to levulinic acid produces equi-molar amounts of formic 
acid, it is also a product in a number of minor pathways from both glucose and 
xylose (Scheme 2.5), and a value higher than 1 is expected. However, this ratio 
declined under harsher reaction conditions reflecting the stability of levulinic acid 
and propensity of formic acid to decompose, especially at higher temperatures, as 
observed in similar research work [33, 34].  
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Table 4.4 Levulinic acid and furfural yields from acid-catalysed reaction of 
bagasse 
Catalyst 
(M) 
Feed 
(wt%) 
Retained 
on screen 
(mm) 
Temp. 
(ºC) 
Reaction 
time (min) 
Furfural 
(mol%^) 
Formic 
acid 
(mol%^) 
Levulinic 
acid 
(mol%^) 
Solids 
(wt% 
feed) 
0.1 3.68 0.2 160 20 33.7 3.6 0.2 58.9 
0.1 3.68 2 160 40 51.4 0.0 0.0 59.9 
0.1 1.84 2 160 60 95.5 11.8 4.2 62.5 
0.1 3.68 0.5 160 80 62.6 7.5 2.1 54.0 
0.3 3.68 0.5 180 20 46.0 64.7 48.3 38.6 
0.3 3.68 0.5 180 30 41.0 64.4 49.1 37.4 
0.3 3.68 0.5 180 40 18.5 76.9 56.5 40.9 
0.1 1.84 2 200 20 64.7 62.8 51.4 48.1 
0.1 1.84 2 200 60 16.3 85.8 62.1 36.3 
0.5 1.84 2 200 20 9.2 73.0 59.5 21.1 
0.5 1.84 2 200 60 0.0 58.8 59.1 40.1 
0.06 3.68 0.5 180 40 78.2 17.4 9.8 45.1 
0.3 3.68 0.5 180 40 18.5 76.9 56.5 40.9 
0.75 3.68 0.5 180 40 3.0 72.7 59.9 44.0 
0.5 3.68 2 160 20 67.4 9.6 4.3 54.0 
0.5 3.68 2 180 20 19.8 73.1 55.7 38.5 
0.5 3.68 2 200 40 0.0 55.1 52.7 40.5 
0.3 2.30 0.5 180 40 33.5 73.5 63.5 38.2 
0.3 2.63 0.5 180 40 30.3 73.3 57.7 38.4 
0.3 3.46 0.5 180 40 37.8 68.6 58.6 40.9 
0.3 3.68 0.5 180 40 18.5 76.9 56.5 40.9 
0.3 3.77 0.5 180 40 30.0 72.6 52.3 40.1 
0.3 4.19 0.5 180 40 14.6 74.1 53.6 46.6 
0.2 3.68 0.2 180 20 84.8 35.9 28.2 28.8 
0.2 3.68 0.5 180 20 76.4 39.6 31.6 29.4 
0.2 3.68 2 180 20 84.1 36.2 28.4 47.5 
0.2 3.68 2 180 40 54.6 68.5 58.6 39.5 
0.5 1.84 0.2 200 20 7.4 68.3 52.9 39.3 
0.5 1.84 0.5 200 20 14.3 74.9 61.8 39.4 
^ Based on pentose/hexose sugar content (anhydro-correction). 
Note: Differences between duplicate results were <6.4% for furfural, <11.3% for formic acid, <8.3% 
for levulinic acid and 2.5% for solid residue. 
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4.3.2.2 Furfural formation 
Table 4.4 shows very high furfural yields (>85 mol%) based on the pentosan 
content of bagasse, are produced under mild conditions. This is much higher than the 
yields produced from xylose alone (~65 mol%). This is remarkable considering the 
presence of glucose in monomer mixtures lowered the furfural yield by 20-30% 
(Section 3.3.3). Using a batch reactive distillation process, Mandalika and Runge [35] 
were also able to achieve similar higher furfural yields from biomass (>85 mol%) 
compared to pure xylose solutions (75 mol%). They attributed the lower yields to the 
higher initial concentration of xylose in the reaction mixture which enhances furfural 
loss reactions. Furfural yields of 50-60 mol% are achieved in industrial processes 
such as the Quaker Oats process mainly because batch processing promotes side 
reactions resulting in furfural loss [36]. Technological advancements that improve 
furfural yields through isolating furfural from the reaction mixture by steam stripping 
[37] and biphasic technologies [38] allow yields of ~85 mol%, similar to that achieved 
in this work. 
The high yield of furfural achieved in the present project may be due to the 
slow rate of hemicellulose depolymerisation process which causes relatively high 
acid catalyst to soluble sugar ratio and low xylose concentration at any one time. 
Under mild conditions hemicellulose is slowly depolymerised releasing xylose (and 
other pentose and hexose sugars) which is then immediately dehydrated to furfural in 
the rich acid environment. As furfural readily degrades to polymers by reacting with 
itself or reacting with other components, under mild conditions these side reactions 
will be considerably reduced. Additionally the rapid quenching of the ampoule 
reactors to ambient temperature will also significantly reduce these reactions.  
Furfural yields increased with reaction time at low temperature and acid 
catalyst concentration but decreased with reaction time at high temperature and acid 
catalyst concentration (Table 4.4). Trends also show that furfural yield reduced with 
increases in acid catalyst concentration, operating temperature or feed concentration 
unless short reaction times were employed.  In fact, under harsh conditions (0.5 M 
acid catalyst, 200 °C and 40 min reaction time) the furfural yield was very low 
reflecting the propensity of furfural to decompose or react with other components 
under acidic conditions (Section 3.3.3).  
 112 Chapter 4: Acid-Catalysed Hydrolysis of Bagasse 
The reaction conditions in this study were chosen with commercial 
implementation in mind. In a recent study, Dussan and co-workers [39] found that 
optimal levulinic acid yields of >80 mol% could be achieved at low reaction 
temperatures of 140 °C but required reaction times of >24 h. Such long reaction 
times will impact on reactor size (and hence cost). So the reaction time was limited 
to <2 h in the present study. Likewise, feed concentration can have a significant 
impact on process economics when considering energy consumption in the heating of 
the reaction mixture and processing costs to separate the products from the water 
following reaction. High feed concentrations (>10 wt%) would reduce energy 
consumption, but handling difficulties need to be considered. This was however, not 
undertaken in the present study. 
The Biofine two-stage process also achieves high furfural yields (up to 70-
80 mol% from hemicellulose) as the reaction conditions in the second stage process 
are chosen to maintain furfural in the gas phase [4]. The results of Table 4.4 show that 
when the levulinic acid yield is high, the yield of furfural is low and vice versa.  
Furfural is produced under mild conditions, while levulinic acid is produced under 
harsher conditions. This implies that a two-stage process (similar to the Biofine 
process) should be used to maximise the yields of both products. 
4.3.2.3 Other chemical products 
Other than levulinic acid, formic acid and furfural, significant amounts of 
acetic acid (~8.5%) were also produced from bagasse.  This originates from the 
acetyl content of hemicellulose [40] and as a decomposition product formed from 
carbohydrates [41]. Other products formed from the acid hydrolysis/dehydration of 
bagasse include monosaccharides (arabinose, mannose), HMF, and small amounts 
(2-4 mol% on cellulose content) of lactic acid, levoglucosan (1,6-anhydro-β-D-
glucopyranose) and glyceraldehyde as well as a large amount of solid residue. In 
other studies, propionic acid was formed from biomass (water hyacinth) at high feed 
loading and low acid catalyst concentration [42]. No appreciable levels of propionic 
acid were measured for the range of conditions tested in this work. 
The solid residue remaining after hydrolysis was >20 wt% based on the feed as 
shown in Table 4.4 (and Appendix B – Table B1). Under mild reaction conditions 
the residue would consist of un-reacted feed material and this would include acid 
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insoluble lignin which in bagasse comprises 19.3 wt% (see Table 4.1). Under harsher 
reaction conditions the carbohydrate content of the bagasse feed should be 
completely transformed, some of the lignin moieties may depolymerise to soluble 
products and humic polymer materials will be produced from degradation products. 
This was observed with the residue changing from a minute size brown fibrous 
residue under low temperature and reaction time to a sticky black tar-like substance 
under high temperature and longer reaction times. 
4.3.2.4 Reactor properties 
A small number of trials were conducted with stainless steel reactors (Table 
4.5) show slightly higher yield of levulinic acid but lower ratio of formic acid to 
levulinic acid.  However, higher yields of furfural were produced in glass reactors 
under milder conditions but the reverse was the case under harsher conditions (Table 
4.5). The metal reactors require an additional ~75 s to reach the operating 
temperature (Section 3.3.1). This may explain the differences in the results, though 
the catalytic effect of the steel cannot be discounted [43].  
Table 4.5 Acid-catalysed reactions conducted in both stainless steel and 
glass reactors 
Catalyst 
(M) 
Feed 
(wt%) 
Temp. 
(ºC) 
Reaction 
time 
(min) 
Furfural yield 
(mol%^) 
Formic acid 
(mol%^) 
Levulinic 
acid (mol%^) 
Solid residue 
(wt% feed) 
Glass SS Glass SS Glass SS Glass SS 
0.1 1.84 160 60 95.5 85.8 11.8 10.0 4.2 2.0 62.5 50.2 
0.2 3.68 180 20 84.8 69.7 35.9 40.4 28.2 34.9 28.8 36.6 
0.3 2.63 180 40 32.9 37.0 76.4 69.3 59.9 59.9 40.9 29.7 
0.5 1.84 200 20 14.3 15.5 74.9 75.2 61.8 66.1 39.4 24.4 
Mean 56.9 52.0 49.8 48.7 38.5 40.7 42.9 35.2 
StDev 39.4 31.7 31.5 30.0 27.6 29.1 14.1 11.2 
SE Mean 19.7 15.8 15.7 15.0 13.8 14.6 7.1 5.6 
Paired t-test P-value 0.36 0.70 0.36 0.24 
^ Based on pentose/hexose sugar content (anhydro-correction). 
4.3.2.5 Regression analysis of bagasse 
Results for the stepwise regression of levulinic acid and furfural production 
from bagasse using MSA catalyst are shown in Table 4.6 (see also Appendix B – 
Table B4) and diagnostic plots are shown in Figure 4.4. The regression models show 
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that feed concentration and particle size has the least influence on the yield of both 
levulinic acid and furfural. Reaction time also has low significance on levulinic acid 
yield as a linear variable (P-value = 0.32) but two-factor interactions and quadratic 
interactions were significant (P-value <0.05).  
Table 4.6 RSM model for levulinic acid and furfural yields from bagasse 
with MSA catalyst 
 
Factors 
Levulinic acid Furfural 
Coded 
factor F value P-value 
Coded 
factor F value P-value 
Model/Intercept a0 64.39 36.29 < 0.0001 -22.27 23.09 < 0.0001 
Acid Conc a1 7.94 8.07 0.0074 -75.06 43.26 < 0.0001 
Feed Conc a2 -5.41 1.71 0.1997 -28.88 8.66 0.0057 
Particle size a3 1.61 2.72 0.1082 -0.17 0.008 0.9290 
Temp a4 9.90 21.57 < 0.0001 -65.12 151.45 < 0.0001 
Time a5 -10.23 1.00 0.3238 -58.36 114.23 < 0.0001 
Acid*Feed a12 - - - -45.69 9.78 0.0035 
Acid*Temp a14 -16.58 62.32 < 0.0001 -38.48 70.01 < 0.0001 
Acid*Time a15 -15.42 13.44 0.0008 -30.61 22.23 < 0.0001 
Temp*Time a45 -26.87 68.45 < 0.0001 -53.10 83.06 < 0.0001 
Acid2 a11 -11.20 29.70 < 0.0001 26.25 11.51 0.0017 
Temp2 a44 -24.43 91.04 < 0.0001 -23.28 29.77 < 0.0001 
Time2 a55 -33.32 15.38 0.0004 - - - 
 Adjusted R2 0.8941 Adjusted R2 0.8408 
 Predicted R2 0.8447 Predicted R2 0.7646 
 Adequate precision 23.331 Adequate precision 15.756 
 Lack of fit 0.066 Lack of fit 0.071 
  
Perturbation plots (Figure 4.5) and RSM plots (Figure 4.6 and Figure 4.7) show 
the linear and interactive effects between the operating variables. These results 
confirm the trends in Table 4.4 (and trends from monomeric sugars reported in 
Section 3.3.5.1) where furfural yield is negatively influenced by acid catalyst 
concentration (A), temperature (D) and reaction time (E) but the reverse is true for 
levulinic acid yield up to a maximum value, above which limited impact on yield is 
observed.  Indeed harsher conditions led to a drop in levulinic acid yield with the 
greatest impact observed under extended reaction times. Particle size (C) has no 
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influence on product yields. Feed concentration (B) has a negative influence on 
furfural yield.  
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Figure 4.4 Diagnostic plots for (a) levulinic acid yield and (b) furfural yield 
from bagasse [Low values (blue) to high values (red)] 
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Figure 4.5 Perturbation plots of yields from bagasse (A: catalyst 0.3 M; 
B: feed 3 wt%; C: particle size 0.9 mm; D: temperature 180 °C; 
E: time 60 min) 
 
(b) (a) 
 116 Chapter 4: Acid-Catalysed Hydrolysis of Bagasse 
  0.05
  0.19
  0.33
  0.46
  0.60
160.0  
170.0  
180.0  
190.0  
200.0  
-11.0  
9.8  
30.5  
51.3  
72.0  
  A: Acid    D: Temp  Temperature 
(°C)
Catalyst conc. 
(M)
Le
vu
lin
ic
 a
ci
d 
yi
el
d 
(m
ol
%
)
  0.05
  0.19
  0.33
  0.46
  0.60
20.0  
45.0  
70.0  
95.0  
120.0  
4.0  
20.8  
37.5  
54.3  
71.0  
  A: Acid    E: Time  Reaction time 
(min)
Catalyst conc. 
(M)
Le
vu
lin
ic
 a
ci
d 
yi
el
d 
(m
ol
%
)
 
Figure 4.6 RSM plots of levulinic acid yields from acid-catalysed reaction of 
bagasse (feed 2.5 wt%; particle size 0.5 mm; temperature 180 °C; 
time 40 min) 
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Figure 4.7 RSM plots of furfural yields from acid-catalysed reaction of 
bagasse (feed 2.5 wt%; particle size 0.5 mm; temperature 160 °C; 
time 40 min) 
Prediction using the RSM model suggests high levulinic acid yield (>70 mol%) 
can be can be achieved across a range of variables as long as two out of the three 
conditions are met: high acid catalyst concentration, long reaction time or high 
temperature within the range tested, as shown by the plateaus in Figure 4.6. The wide 
range of conditions reflects the fact that levulinic acid is relatively stable once 
formed. Similar to the trends shown for conversion of sugars (Section 3.3.5) there is 
a slight decrease in levulinic acid yield at very harsh conditions. It should be noted 
that longer reaction times are necessary for the acid hydrolysis/dehydration of 
bagasse to levulinic acid compared to sugar monomers (Section 3.3.5) and is due to 
the time required for the initial fractionation and depolymerisation of carbohydrates 
to sugars.  
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The RSM model also predicts furfural yields of >85 mol% when reaction 
conditions of 160 °C, acid catalyst concentration of <0.1 M and reaction times 
greater than 100 min are used. These predictions are reflected in the RSM plots 
(Figure 4.7) which show the highest yields are achieved under milder conditions than 
those that produce high yields of levulinic acid with only one of the variables; acid 
concentration, reaction time or temperature required to be operated at a high level 
within the range tested. 
4.3.3 Hydrolysis of pre-treated bagasse 
In acid-catalysed biomass reactions, lignin is presumed to consume a fraction 
of the catalyst during the reaction [44] and ash, if basic in nature, can also neutralise 
part of the acid catalyst [22]. In fact, Alonso et al. [44] added kraft lignin to cellulose 
samples (1:1 and 1:4 wt% ratio of cellulose to lignin) and found a significant 
reduction in levulinic acid from hydrolysis reactions.  
To enable a more comprehensive determination of the effects of feed 
composition (cellulose reactivity, lignin content) on product yields, selected trials 
(under mild and harsh conditions) were conducted on the various additional treated 
bagasse samples along with cellobiose (dimer of glucose), microcrystalline cellulose 
(Avicel), and a less crystalline cellulose (Solka-Floc).  Of the bagasse samples tested 
in this work, bagasse and acid pulp has the lowest cellulose to lignin ratio of ~1.8. 
The full experimental results are presented in Appendix B (Table B2). The pH of 
reaction mixtures comprising 0.3 M MSA and 3 wt% feed (bagasse, acid pulp (high 
lignin content), and soda med lignin pulp (high ash content)) were <1.0. Table 4.7 
shows the levulinic acid and furfural yields as well as solid residues for selected 
conditions with the various pre-treated lignocellulosic materials and reveals the 
following: 
 The various bagasse pulps produced similar yields of levulinic acid to 
untreated bagasse indicating that acid hydrolysis is a robust process. This also 
suggests that lignin (which varied from 3-30%) may have limited impact on 
the production of levulinic acid under the range of conditions tested. The 
highest yields of levulinic acid were achieved with soda low lignin pulp.  
 Higher levulinic yields were achieved with cellobiose compared to the 
cellulose powders. Likewise, higher yields were also achieved with less 
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crystalline cellulose (Solka-Floc) compared to Avicel. Solka-Floc also has a 
smaller particle size (increased surface area).  
 
Table 4.7 Levulinic acid, furfural and solid yields from acid-catalysed 
reaction of various types of treated bagasse 
Bagasse 
sample 
0.1 M MSA, 180 °C, 20 min  
(2 wt% feed) 
0.3 M MSA, 180 °C, 40 min  
(3 wt% feed) 
0.5 M MSA, 200 °C, 20 min  
(3 wt% feed) 
Furfural 
yield 
(mol%^) 
Levulinic 
acid yield 
(mol%^) 
Solids 
(wt% 
feed) 
Furfural 
yield 
(mol%^) 
Levulinic 
acid yield 
(mol%^) 
Solids 
(wt% 
feed) 
Furfural 
yield 
(mol%^) 
Levulinic 
acid yield 
(mol%^) 
Solids 
(wt% 
feed) 
Cellobiose - - - - 58.5 15.8 - 63.4 15.2 
Avicel - - - - 56.9 14.7 - 57.3 25.4 
Solka-Floc - 5.7 39.2 - 57.7 16.8 - 61.2 21.1 
IL pulp 66.3 7.6 50.7 36.7 63.0 18.8 0.0 60.2 22.7 
EG pulp 73.0 10.0 42.6 14.9 57.8 21.2 2.7 60.0 26.8 
Soda low 
lignin pulp 88.3 6.7 55.8 26.9 68.9 29.6 10.3 76.8 24.6 
Soda med 
lignin pulp 72.2 8.5 46.1 34.0 61.5 31.1 6.4 54.6 34.7 
Soda high 
lignin pulp 73.7 6.6 51.8 34.6 61.0 31.6 14.3 67.7 36.7 
Bagasse 87.8 4.5 55.3 35.6 62.2 43.4 14.3 61.8 39.4 
Acid pulp 62.1 13.4 68.7 29.3 60.3 50.1 0.0 63.2 48.0 
Acid pulp* 52.9 11.9 67.3 12.5 66.7 47.9 0.0 62.9 50.0 
^ Based on pentose/hexose sugar content (anhydro-correction).   
* Sulfuric acid used instead of MSA.  
Note: Differences between duplicate results were <20.0% for furfural, <7.6% for formic acid, <11.3% 
for levulinic acid and 12.0% for solid residue. 
 The highest furfural yields were produced under mild conditions with the 
untreated bagasse and soda low lignin pulp. These two feeds have relatively 
low ash compared to the other soda pulps. However, the IL and EG pulps also 
have very little ash but produced lower furfural yields. This may be because 
the cellulose component in these pulps are more reactive and result in faster 
depolymerisation of cellulose and hemicellulose. As a result there would be 
increased amounts of soluble products in the reaction mixture that can 
polymerise with furfural (from known condensation reactions) and hence 
reduce overall furfural yield.  This could mean that improved furfural yields 
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could be achieved with IL and EG pulps under even milder reaction 
conditions. 
 Feeds with greater lignin produce more solid residue as lignin is mostly acid 
insoluble. Greater amounts of solid residue are also produced under mild 
conditions because some proportion of the feed was not converted.  
 
The results in Table 4.7 suggest that the effects of lignin and ash on product 
yield are variable, implying that other factors are at play. Also, the high ratio of 
cellulose to lignin and high acid catalyst concentration may have masked their effect. 
As such, a number of additional trials were conducted with low acid catalyst 
concentration (Table 4.8). Untreated bagasse produced the highest yields of levulinic 
acid. The soda low lignin pulp produced the lowest yield of levulinic acid despite 
having the lowest lignin and ash content. The low levulinic acid yields from the soda 
low lignin pulp may be due to residual alkali content because of the NaOH used in 
the pre-treatment process. Similar and very high furfural yields were produced from 
bagasse and soda low lignin pulp reflecting the trend observed in Table 4.7. 
Table 4.8 Low acid catalyst hydrolysis trials  
Bagasse 
sample 
Catalyst 
(M) 
Feed 
(wt%) 
Temp. 
(ºC) 
Reaction 
time 
(min) 
Furfural 
(mol%^) 
Formic 
acid 
(mol%^) 
Levulinic 
acid 
(mol%^) 
Solids 
(wt% 
feed) 
Soda low 
lignin pulp 0.045 2.5 180 40 92.5 25.9 13.8 39.4 
Bagasse 0.045 2.5 180 40 92.6 27.7 31.3 43.6 
Acid pulp 0.045 2.6 180 40 83.8 29.1 25.5 69.2 
^ Based on pentose/hexose sugar content (anhydro-correction). 
4.3.4 Hydrolysis of soda low lignin pulp  
On the basis of the results in Table 4.7, soda low lignin pulp produced the 
highest yield of levulinic acid (and quite high furfural yield) compared to cellulose, 
bagasse and other pre-treated bagasse and also produced a relatively low amount of 
solid residue as a reflection of low lignin content in the pulp. The soda lignin 
obtained from the fractionation process may find high value applications. Besides, 
the pre-treatment process is cheaper than the solvent-based processes, which 
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extracted the most lignin. As a consequence, soda low lignin pulp was investigated in 
greater detail. 
The process used to produce soda low lignin pulp from bagasse removed >60% 
of lignin and >40% of hemicellulose content of the initial bagasse, producing pulp 
relatively rich in cellulose.  Numerous hydrolysis trials were conducted on soda low 
lignin pulp using MSA with selected results shown in Table 4.9. The full 
experimental results are presented in Appendix B (Table B3). Remarkably, 70-
80 mol% yields of levulinic acid were achieved which is higher than the results 
obtained with glucose (Section 3.3.2) or glucose/xylose mixtures (Section 3.3.3) and 
significantly higher than that produced from bagasse (Section 4.3.2). The high yields 
may be attributed to the increased exposure of the cellulose component of bagasse, 
i.e., removal of lignin and hemicellulose barriers. This would promote effective 
depolymerisation and a higher acid to glucose ratio thereby enhancing levulinic acid 
yields.   
Table 4.9 also shows that high furfural yields of up to 88% based on the 
pentosan content in the pulp can be produced under mild conditions. Generally, the 
furfural yields were slightly less than that achieved from bagasse but better than 
those achieved from xylose as the feed. This may simply be due to the relative ease 
in which xylose is produced from pulp compared to its in-situ production from 
bagasse. The furfural concomitantly produced may also react with glucose to form a 
polymeric product and reduce yields.  
The average molar ratio of formic acid to levulinic acid from pulp was ~1.18, 
which is lower than that from bagasse and reflects the feed composition changes 
(lower hemicellulose content) and reaction pathways to formic acid. The acid 
hydrolysis of low lignin soda pulp also produced a large amount of solid residue but 
much less than bagasse under similar reaction conditions. The lower solid residue 
reflects the higher product yields produced from the carbohydrate content and lower 
lignin content of the pulp. Not surprisingly, the acid hydrolysis of pulp only 
produced a small amount of acetic acid as well as lower amounts of HMF, lactic 
acid, levoglucosan and glyceraldehyde, compared to bagasse. 
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Table 4.9 Levulinic acid, furfural and solid yields from acid-catalysed 
reaction of soda low lignin pulp 
Catalyst 
(M) 
Feed 
(wt%) 
Retained 
on screen 
(mm) 
Temp. 
(ºC) 
Reaction 
time (min) 
Furfural 
(mol%^) 
Formic 
acid 
(mol%^) 
Levulinic 
acid 
(mol%^) 
Solids 
(wt% 
feed) 
0.1 1.72 0.2 160 20 22.7 0.0 0.0 70.3 
0.1 1.72 0.5 180 20 88.3 14.8 6.7 55.8 
0.1 1.72 0.2 200 20 55.5 57.7 50.5 24.5 
0.1 1.72 0.5 200 20 68.3 76.9 67.7 26.5 
0.1 3.44 0.5 160 80 67.2 8.4 4.1 59.6 
0.3 2.46 0.5 160 80 57.0 50.0 37.9 40.9 
0.5 3.93 0.5 160 80 21.8 50.5 45.1 28.1 
0.045 2.14 0.5 180 40 59.9 35.1 11.9 81.7 
0.3 2.16 0.5 180 40 23.3 86.9 73.0 26.3 
0.5 2.46 0.5 180 40 10.4 85.7 68.6 32.7 
0.3 2.46 0.5 180 40 24.2 79.8 70.4 27.8 
0.3 2.46 0.5 180 75 7.0 84.6 68.2 28.7 
0.5 1.72 0.2 200 20 10.3 90.9 76.8 24.6 
0.5 1.72 0.2 200 20 12.5 93.9 79.1 29.6 
0.5 4.90 0.5 200 40 0.0 64.0 66.8 33.9 
0.1 2.46 0.5 200 40 22.9 81.2 64.2 26.5 
0.3 2.46 0.5 200 40 1.5 70.3 59.1 32.0 
0.5 2.46 2 200 40 0.0 54.1 59.5 30.2 
0.5 3.44 0.2 200 60 0.0 44.5 72.7 39.4 
0.1 1.72 2 200 60 21.1 77.1 66.3 27.7 
0.3 2.46 0.2 200 60 0.0 55.5 62.8 31.5 
0.5 2.46 0.5 200 60 0.0 39.0 61.2 28.1 
^ Based on pentose/hexose sugar content (anhydro-correction). 
Note: Differences between duplicate results were <3.6% for furfural, <10.5% for formic acid, <2.8% 
for levulinic acid and 3.4% for solid residue. 
4.3.4.1 Regression analysis of pulp 
Results for the stepwise regression of levulinic acid and furfural production 
from soda low lignin pulp using MSA catalyst is shown in Table 4.10 (see also 
Appendix B – Table B5) and diagnostic plots are shown in Figure 4.8.  
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Table 4.10 RSM model for levulinic acid and furfural yields from soda low 
lignin pulp with MSA catalyst 
 
Factors 
Levulinic acid Furfural 
Coded 
factor F value P-value 
Coded 
factor F value P-value 
Model/Intercept a0 69.00 15.87 < 0.0001 43.74 33.36 < 0.0001 
Acid Conc a1 17.56 23.35 < 0.0001 -26.94 86.97 < 0.0001 
Feed Conc a2 -4.38 0.28 0.5989 122.19 0.91 0.3564 
Particle size a3 2.76 1.49 0.2358 -2.53 1.11 0.3080 
Temp a4 26.98 68.28 < 0.0001 38.03 1.52 0.2371 
Time a5 3.72 1.15 0.2962 -26.04 38.21 < 0.0001 
Acid*Particle a13 -14.10 13.82 0.0012 - - - 
Acid*Temp a14 -19.41 20.48 0.0002 - - - 
Feed*Temp a24 - - - 87.32 7.99 0.0128 
Particle*Temp a34 - - - 22.62 29.26 < 0.0001 
Temp*Time a45 -16.52 17.73 0.0004 -20.42 7.66 0.0144 
Acid2 a11 -20.00 49.00 < 0.0001 16.42 8.59 0.0103 
Feed2 a22 - - - 109.71 1.26 0.2791 
Temp2 a44 -30.59 48.09 < 0.0001 - - - 
Time2 a55 - - - 12.87 3.09 0.0992 
 Adjusted R2 0.8229 Adjusted R2 0.9319 
 Predicted R2 0.6050 Predicted R2 0.8301 
 Adequate precision 14.075 Adequate precision 21.087 
 Lack of fit 0.066 Lack of fit 0.168 
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Figure 4.8 Diagnostic plots for (a) levulinic acid yield and (b) furfural yield 
from soda low lignin pulp [Low values (blue) to high values (red)] 
(b) (a) 
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RSM plots showing levulinic acid and furfural yields as interrelated function of 
acid concentration, temperature and reaction time are shown in Figure 4.9 and Figure 
4.10.  Maximum levulinic acid yields (according to the RSM model) can be achieved 
across a range of variables (similar to trends from bagasse) as shown by the plateaus 
in Figure 4.9, although there is a noticeable slight decrease in levulinic acid yield at 
very harsh conditions. The RSM model predicts furfural yields of >90 mol% can be 
obtained for with <0.1 M MSA at 160 °C for 50-70 min (shorter reaction times than 
required for bagasse – see Section 4.3.2.5).   
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Figure 4.9 RSM plots of levulinic acid yields from acid-catalysed reaction of 
soda low lignin pulp (catalyst 0.3 M; feed 2.5 wt%; particle size 
0.5 mm; time 40 min) 
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Figure 4.10 RSM plot of furfural yields from acid-catalysed reaction of soda 
low lignin pulp (catalyst 0.1 M; feed 2.5 wt%; particle size 
0.5 mm) 
4.3.5 RSM modelling of carbohydrates 
The RSM models developed for bagasse (Section 4.3.2.5), soda low lignin pulp 
(Section 4.3.4.1) and monomeric sugars (Section 3.3.5) can be used to compare the 
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operating conditions required to achieve optimum yields of levulinic acid and 
furfural. Optimisation was performed within the range for each operating parameter 
tested in this research based on maximising product yield and does not account for 
processing costs. 
Levulinic acid yields 
An optimum levulinic acid yield of 71.2 mol% can be obtained for 2.6 wt% 
bagasse with 0.37 M MSA at 185 °C for 43 min.  Under similar reaction conditions 
the model predicts slightly higher yields of 78.3 mol% levulinic acid from the 
hydrolysis of soda low lignin pulp.  For comparison, the RSM model predicts a 
69.5 mol% levulinic acid yield from aqueous glucose solution (0.14 M) under similar 
reaction conditions. This shows that higher yields of levulinic acid can be achieved 
from pre-treated bagasse. 
Furfural yields  
The RSM model predicts an optimum furfural yield of 95.6 mol% can be 
obtained for 4.9 wt% bagasse with 0.05 M MSA at 176 °C for 28 min. A furfural 
yield of 90.5 mol% is predicted for soda low lignin pulp and a yield of 46.7 mol% for 
aqueous xylose solution (0.33 M) under similar reaction conditions. The low furfural 
yield from xylose highlights the propensity of furfural to degrade through reaction 
with itself or other soluble components.  
Combined product yields 
The RSM model can also be used to simultaneously optimise levulinic acid and 
furfural yields from treated and untreated bagasse. Using optimised conditions for 
bagasse, the RSM model predicts processing 2.0 wt% feed with 0.5 M MSA at 
179 °C for 20 min will achieve yields of 65.3 mol% furfural and 54.5 mol% levulinic 
acid. However, processing soda low lignin pulp under the same conditions, the model 
predicts yields of 44.0 mol% furfural and 70.1 mol% levulinic acid. This result 
shows that pre-treatment can improve the yield of levulinic acid but will come at the 
expense of a decline in furfural yield if operating in a single reaction. Generally, 
though higher yields of both levulinic acid and furfural can be achieved under 
slightly milder operating conditions from the soda pulp in comparison to untreated 
bagasse. This reflects the depolymerisation and fractionation that occurs during the 
pre-treatment process such that further breakdown of carbohydrates to sugar 
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monomers (or breaking lignin linkages) is more easily facilitated from the pre-treated 
bagasse. 
The operating conditions required for maximum product yields are different for 
each feed source. For soda low lignin pulp, the RSM model predicts processing 
2.5 wt% feed with 0.15 M MSA at 193 °C for 20 min will produce yields of 
65.0 mol% furfural and 65.1 mol% levulinic acid. These yields are greater than can 
be achieved from bagasse.  
4.3.6 Solid product analysis 
The largest by-product of the acid-catalysed conversion process was solid 
residue. The residue remaining after acid hydrolysis was ~41.9 wt% for untreated 
bagasse (average based on Table B3) and ~33.3wt% for soda low lignin pulp 
(average based on Table B3). Under similar acid hydrolysis conditions, pre-treated 
bagasse with greater lignin content produced larger amounts of solid residue (Table 
4.7 and Table 4.8). The solid residues formed during the acid hydrolysis of bagasse 
are likely to contain condensed acid insoluble lignin moieties, humic substances 
formed from the carbohydrates in the feed material as well as un-reacted or partially 
reacted feed [45].  
There is significant research effort being employed in understanding the 
formation mechanism of these solid polymeric compounds [46-48]. By doing so, 
strategies could be developed for preventing or minimising the formation of this 
material. Alternatively the solid residue finds value as a by-product with the most 
common use being combustion fuel or as a soil conditioner [4]. Analysis of the 
residue is thus required to aid the development of more efficient biomass conversion 
processes and evaluate its possible end-use applications. 
4.3.6.1 FTIR analysis 
FTIR spectra acquired of the solid residues formed from the acid hydrolysis of 
bagasse and various treated bagasse samples are compared along with FTIR spectra 
obtained for the residue from sugar mixtures (Section 3.3.8.1) in Figure 4.11.  The 
spectra obtained of the cellulose and solvent-treated bagasse residues (Appendix B – 
Figure B7) were very similar to residues from the conversion of glucose/xylose 
suggesting that the residue has a high proportion of decomposed sugars.  
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Figure 4.11 FTIR spectra of the acid hydrolysis residues of various bagasse 
samples 
All spectra displayed broad peaks at 3200-3400 cm-1 (O-H stretching) and 
2925 cm-1 (C-H stretching), prominent peaks at ~1700 cm-1 (conjugated aldehyde or 
carboxylic acid carbonyl group [46, 49]), at 1605 cm-1 and 1510 cm-1 (furanic ring 
stretching [45-47]) and at 1035 cm-1 (C-O stretch or ring deformation [48]), as well as 
mildly pronounced peaks at 1360-1390 cm-1 and 1280 cm-1 (C-O stretching and ring 
vibration [46, 47]).  The hydrolysis residues from bagasse and acid pulp which contain 
high levels of lignin exhibited pronounced peaks at 2850 cm-1 (C-H stretching 
vibrations of methoxy group), 1460 cm-1 and 1415 cm-1 (assigned to methoxy groups 
in lignin [28]), and at 835 cm-1 (C-H out of plane vibration in lignin [31]). The high 
lignin content in the bagasse and acid pulp residues also produced enhanced peaks at 
1605 cm-1 and 1510 cm-1 attributed to aromatic ring stretching [30, 31] and increased 
intensity of the bands within the 1000-1200 cm-1 region (C-O stretch and 
deformation [25]). Similar FTIR spectra trends are observed for the other soda pulps 
(higher lignin content) in Appendix B (Figure B7). 
Difference spectra comparing the residue to its starting feed material is shown 
in Figure 4.12 for bagasse and various treated bagasse samples. Difference spectra 
for the residues of acid hydrolysis of cellulose, solvent pulps and high lignin content 
soda pulps are included in Appendix B (Figure B8).  The difference spectra clearly 
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illustrate the increased intensities of peaks associated with furanics (1605 cm-1, 
1510 cm-1, 1340-1390 cm-1 and 1280 cm-1) and lignin (also 1605 cm-1, 1510 cm-1, 
1460 cm-1, 1415 cm-1 and 1245 cm-1) in the residue spectra. Increased peak intensity 
at 900 cm-1 was also observed in the residues and is characteristic of β-glycosidic 
linkages between sugar units [25, 28]. Decreased band intensity was only observed over 
the 990-1060 cm-1 region and is likely due to the conversion of carbohydrates that 
contribute to the C-O stretch peaks typically found in this region. It is clear that the 
residue FTIR spectra bear little resemblance to their feed spectra other than through 
the inclusion of lignin moieties.  
The solid residue after acid hydrolysis (Section 4.3.3) typically was 15-50 wt% 
but only 15-25 wt% after subtracting the content of lignin in the feed material. This 
means that lignin components can comprise up to 60 wt% of the residue and explain 
the extensive presence of lignin’s structural features in the FTIR spectra of the 
residues.  However, a large proportion of the lignin structure has been modified 
and/or condensed into the humic structures as the residue was found to exhibit 
limited solubility in alkaline solutions. Peaks characteristic of MSA (1340 cm-1,  
1030 cm-1 and 993 cm-1 corresponding to stretching of the S=O band [50]) were 
difficult to identify due to the existence of other peaks associated with other 
functional groups. 
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Figure 4.12 FTIR difference spectra of biomass residues compared to feed 
materials 
4.3.6.2 NMR analysis 
The hydrolysis residues of bagasse (treated and untreated) were less soluble in 
DMSO than the residues obtained from sugars. Approximately 5 mg of the residue 
 Chapter 4: Acid-Catalysed Hydrolysis of Bagasse 129 
was able to be dissolved in 1 mL of DMSO-d6.  Despite low solubility, similar 
proton spectra (Appendix B – Figure B9) with the formation of humps with 
superimposed peaks in the aliphatic (δH = 0.8-3.2 ppm), anomeric and oligomeric (δH 
= 3.65-5.25 ppm), aromatic (δH = 6-8.5 ppm) and aldehydic regions (δH = 9-11 ppm) 
were obtained. The only notable change was a slight increase in the relative 
magnitude of the aldehydic hump region for the residues from bagasse compared to 
the residues produced from sugars (Section 3.3.8.2).  
The NMR spectra were baseline corrected to remove the ‘humps’ and the 
overlying water peak suppressed to obtain additional information on the nature of the 
peaks. A comparison of the proton spectra for bagasse, soda low lignin pulp and 
glucose/xylose mixture residues are detailed in Figure 4.13. More detailed 
information on the various proton spectral regions is provided in Appendix B 
(Figures B10 to B12). Similar to the residues from sugar mixtures, the most 
prominent distinct peaks were those of organic acids (formic acid [δH = 8.13 ppm], 
levulinic acid [δH = 2.09/2.38/2.65 ppm], acetic acid [δH = 1.91 ppm] and fatty acid 
[δH = 1.23 ppm]), furanics (furfural [δH = 6.8/7.55/8.1/9.61 ppm]) as well as the 
catalyst, MSA [δH = 2.32 ppm]. Integration of the levulinic acid peak (compared to 
the internal standard) concluded that levulinic acid is only 0.2% of the dissolved 
bagasse residue (i.e., 0.04 wt% of the total residue) and 0.24% for soda low lignin 
pulp residue (i.e., 0.05 wt% of the total residue). This compares with 0.06 wt% of 
levulinic acid measured in the total residue from conversion of sugars. The molar 
ratios of the various products relative to levulinic acid are detailed Table 4.11. 
Table 4.11 Proton NMR intensity of compounds relative to levulinic acid in 
the residue 
Product 
Residue 
Levulinic 
acid 
Fatty 
acid 
Acetic 
acid 
Formic 
acid Furfural HMF MSA 
Glucose 100 114.1 4.0 1.2 n.d. n.d. 61.2 
Glucose + xylose 100 51.0 8.2 1.5 17.4 1.5 22.2 
Soda low lignin pulp 100 141.4 15.7 7.8 5.1 0.5 68.3 
Bagasse 100 430.5 10.3 5.1 4.8 0.3 180.9 
n.d. – Not detected. 
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Figure 4.13 Proton NMR spectra of residues – baseline corrected  
Additional structural information on the residues was obtained using 2D NMR 
techniques (Appendix B - Figures B13 to B15). It is noted that the limited dissolution 
of the residue affected the sensitivity of these techniques (as well as carbon spectra) 
so only limited information was obtained. 
The main peak associated with the fatty acid at δH ~1.23 ppm was linked to 
associated peaks at δH = 0.85 ppm, 1.47 ppm, 2.18 ppm and 3.37 ppm in the TOCSY 
spectra (Appendix B - Figure B13). The TOCSY experiment identifies correlations 
between geminal and vicinal protons in the compound structure. Analysis by HSQC 
differentiates methine (CH) and methyl (CH3) protons (positive) from methylene 
(CH2) protons (negative) as well as the coupling of carbon and proton over a single 
bond. The fatty acid protons were identified as CH2 (Appendix B - Figure B14) so 
they are likely associated with primary, secondary and tertiary alkyl groups of fatty 
acid compounds [51]. These peaks could be explained by Koch–Haaf carboxylation of 
formic acid with alkenes to form tertiary carboxylic acids [52]. Given the relative 
prominence of the peaks associated with these fatty acids in comparison to the other 
identified compounds, this may indicate that fatty acid production plays a major role 
in the formation of the polymeric residue. The relative amount of fatty acid is greater 
in the residues formed from the conversion of glucose compared to glucose and 
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xylose mixtures (Table 4.11) indicating fatty acid production may be more prevalent 
from acid-catalysed conversion of hexose sugars (i.e., cellulose) compared to pentose 
sugars. This is plausible considering furfural polymerisation is an accepted 
degradation pathway from pentose sugars. 
Due to the inclusion of lignin moieties, the residues from bagasse and soda low 
lignin pulp show additional superimposed peaks in the anomeric and aromatic 
regions (Figure 4.13) compared to the residues produced from conversion of sugars 
(Section 3.3.8.2).  From the correlation between anomeric and aromatic hydrogens 
and carbons, the HSQC NMR analysis provided additional information on the 
oligomeric structures (Figure 4.14).  Five signals gave (δC/δH) cross-peaks at 
101.4/4.27, 72.3/3.04, 73.8/3.25, 75.2/3.51 and 63.0/(3.87+3.17) ppm, which were 
assigned to C-1, C-2, C-3, C-4 and C-5 of the (1→4)-linked β-D-xylopyranose units, 
respectively [53]. In addition, a small signal (δC/δH: 60.5/3.36 ppm) characteristic of 
the methyl group of 4-O-methylglucuronic acid was identified [54]. While the xylan 
structure is characteristic of hemicellulosic material it was also present in residues 
produced from acid-catalysed conversion of mixtures of glucose and xylose 
(Appendix A – Figure A3). This indicates the tendency of pentose sugars to 
polymerise to form similar structures [55]. The HSQC analysis also indicated a 
number of additional anomeric peaks in the soda low lignin pulp residue (δH = 4.12, 
4.48, 4.97, 5.10 ppm) as well as overlapping peaks of the xylan units which could be 
indicative of other oligomer units from either un-reacted feed or oligomerised sugars 
[56]. These data confirm the presence of oligomeric sugars and explains the increased 
intensity relating to the FTIR spectra attributed to β-glycosidic linkages (Section 
4.3.6.1).   
Lignin present in treated or untreated bagasse is expected to transfer to the 
residue following hydrolysis and also contribute to the anomeric and aromatic proton 
spectra. A number of cross peaks (Figure 4.15) that could be attributed to lignin 
moieties were assigned based on literature [53] and include methoxy catechol units 
(δC/δH: 106.6/6.44 ppm), syringyl units (δC/δH: 105.34/6.6 ppm), p-hydroxyphenyl 
units (δC/δH: 128.25/7.0 and 128.92/7.15 ppm), syringyl aldehyde units (δC/δH: 
107.5/7.2 ppm) and syringyl ketone units (δC/δH: 106.9/7.3 ppm). In addition, a 
cross-peak correlating to unsaturated long chain fragment (δC/δH: 129.7/5.32 ppm) 
and a strong broad cross peak indicative of the C-H in methoxyls (δC/δH: 55.6/3.5-3.9 
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ppm) was also observed. These assignments were confirmed by HSQC analysis of a 
bagasse soda lignin sample (Appendix B – Figure B15). Furanic and phenolic 
compounds did show overlapping spectra with cross peaks of furfural, HMF guaiacyl 
and p-coumarate units observed in the same region (δC/δH: ~115/6.6-6.9 ppm) [53]. 
There were also a number of additional aromatic cross-peaks (δC/δH: 
~130/~7.75 ppm) that were not observed in the lignin HSQC analysis and are 
possible indicative of condensed aromatic structures given their shift to higher 
frequency.  
 
 
Figure 4.14 HSQC NMR spectrum of the anomeric region for bagasse residue 
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Figure 4.15 HSQC NMR spectrum of the aromatic region for bagasse residue 
4.3.6.3 Elemental analysis 
The solid polymeric residue has been shown to consist of various aromatic 
macromolecules with aliphatic compounds and carboxylic acid groups linked 
between the phenolic or furanic hydroxyl groups [57]. The FTIR and NMR analyses 
have shown the residue is produced from oligomerised sugars and degraded furanic 
compounds from the carbohydrate content as well as degraded lignin components 
which are mostly acid insoluble.  
Elemental analyses (Table 4.12) show that the carbon content in the residues 
was significantly higher, and the hydrogen and oxygen significantly lower relative to 
the initial biomass starting material. As such the residues have higher calorific 
heating values (~21-23 MJ/kg) and would be a useful replacement to bagasse 
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(18 MJ/kg) in combustion boilers. The values obtained for these residues are similar 
to that of the residues obtained with simple sugars (Section 3.3.8.3). 
Table 4.12 Elemental composition of feed materials and hydrolysis residues  
Sample Carbon 
(%) 
Hydrogen 
(%) 
Sulfur 
(%) 
Oxygen 
(%) 
HHV 
(MJ/kg) 
Feed materials  
Soda low lignin pulp 42.8 6.1 n.d. 51.1 18.0 
Bagasse 44.8 5.9 n.d. 45.3 18.3 
Lignin 61.5 5.8 n.d. 28.7 22.9 
Solid residues  
Glucose + xylose  63.7 3.8 0.0 32.5 22.3 
Cellulose(a) [6] 55.2 4.9 n.d. 39.9 20.7 
Cellulose(b) [58] 67.3 4.8 0.1 27.9 24.0 
Cellulose(c) (Solka-Floc) 63.8 4.6 0.0 31.6 22.9 
Soda low lignin pulp 58.5 4.5 0.2 36.8 21.3 
Bagasse 57.0 4.7 0.3 38.0 21.0 
Residue obtained for reaction conditions of (a) 150 °C, 2 h; (b) 150 °C, 6 h; (c) 180 °C and 40 min. 
n.d. – Not detected. 
The hydrolysis residues of soda low lignin pulp and bagasse have slightly 
higher oxygen content compared to the hydrolysis residue from cellulose or the 
residues obtained from monomeric sugars. This is likely as a result of the presence of 
lignin and some un-reacted cellulose.  
4.4 PRODUCT RECOVERY  
Lower boiling organic solvents (<100 °C) reduce energy requirements 
associated with solvent recycle. On a laboratory scale, ethyl acetate (EthAc) is used 
as an extraction solvent for quantitative determination of levulinic acid [59]. 
Methyltetrahydrofuran which is a hydrogenated product of levulinic acid [60] has been 
employed as an extraction solvent for levulinic acid in pilot scale trials [61]. Methyl 
isobutyl ketone (MIBK) was found to be a suitable industrial solvent to achieve high 
extraction of levulinic acid [62] and furfural [63]. Addition of butanol to MIBK 
solutions was found to improve extraction of products by enhancing partitioning of 
furans from reactive aqueous solutions [64]. Higher boiling alkylphenol solvents such 
as 2-sec-butylphenol (SBP) have also been identified as efficient extraction solvents 
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with high partitioning of levulinic acid and furfural [65, 66]. These organic solvents 
were tested for their extraction ability to recover organic acids and furfural in 
synthetic and test solutions. The boiling points of selected extraction solvents and 
typical products formed in the hydrolysis of bagasse are provided in Table 4.13.  
Table 4.13 Extraction solvent and carbohydrate conversion component 
boiling points  
Solvent / 
Product 
Boiling 
point (°C) 
Solvent / 
Product 
Boiling 
point (°C) 
Solvent / 
Product 
Boiling 
point (°C) 
THF 66 HMF 115 Furfural 162 
EthAc 77 Acetic acid 118 SBP 227 
MTHF 80 n-butanol 118 Levulinic acid 245 
Formic acid 101 MIBK 131 MSA/H2SO4 >320 
 
Synthetic hydrolysates were prepared containing varying concentrations of 
formic acid, acetic acid, levulinic acid, furfural and MSA. A composite hydrolysate 
sample (Comp) containing product hydrolysates produced in the experimental work 
(Section 4.3.2) was also produced with samples that were diluted by >5 times 
following reaction for previous analysis. The levels of component concentration in 
the synthetic hydrolysates were chosen to represent expected composition of 
hydrolysate after reaction (i.e., prior to dilution for analysis). The concentrations of 
components in the synthetic hydrolysates are shown in Table 4.14. The  
Table 4.14 Hydrolysate compositions  
Hydrolysate 
Component concentration (g/L) 
Formic acid Acetic acid Levulinic acid Furfural MSA 
Synth 1 5.15 5.15 15.30 10.10 27.37 
Synth 2 10.21 10.21 40.83 25.33 27.30 
Synth 3 20.38 20.07 81.60 39.91 50.26 
Comp 1.74 0.51 1.12 0.16 7.22 
 
4.4.1 Liquid-liquid extraction 
Results of the solvent extraction tests are presented in Table 4.15 and Table 
4.16. The full experimental results are presented in Appendix B (Table B6). Typical 
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industrial extraction solvents, MIBK and MTHF were examined under a range of 
feed product concentrations, solvent ratios and temperatures. While MIBK exhibited 
an extraction efficiency of >85% for furfural, it showed relatively poor efficiency for 
extraction of organic acids (~40% achieved with an extraction solvent volume ratio 
to hydrolysate of 1:1). On the other hand, MTHF showed similar extraction 
efficiency for furfural as well as a much higher extraction efficiency of organic acids 
(60-65% for a solvent volume ratio to hydrolysate of 1:1). Increasing the ratio of 
solvent to hydrolysate improved the extraction efficiency of organic acids with 
MIBK to ~60% and 85% for MTHF. Both solvents (MIBK and MTHF) selectively 
excluded the acid catalyst in the aqueous phase (<5% extracted in organic phase) but 
MTHF exhibited higher solubility in the aqueous phase (~8.5%) compared to MIBK 
(~1.5%) and water is also known to be soluble in MTHF (~5%) [61]. Low solubility of 
the extraction solvent is useful for liquid-liquid extraction.   
Increasing the temperature employed during extraction caused a reduction in 
extraction efficiency for both solvents. Although MTHF is inversely soluble with 
temperature (see Table 4.15) its low boiling point (80 °C) reduces the temperature at 
which extraction can be undertaken. This may require the need for heat exchangers 
and lead to extra processing and energy costs in a biorefinery situation. High solvent 
solubility may also cause additional processing required to recover the solvent or 
could lead to higher loss of solvent. 
In the pilot scale design of the Biofine process for levulinic acid production 
from cellulosic wastes, high target product loadings (20 wt% levulinic acid) and low 
solvent to aqueous hydrolysate ratio (0.66) have been proposed to achieve an 
extraction efficiency of 90% product in the organic phase [61]. These product loadings 
are much higher than tested in this work and the extraction efficiency of 90% is 
significantly higher than the 60% achieved with MTHF solvent to aqueous 
hydrolysate ratio of 1:1 for a single laboratory extraction step. While no data is 
presented confirming the high extraction efficiency for low solvent loading proposed 
by Fitzpatrick [61], it is plausible that commercial liquid-liquid extraction equipment 
utilising multiple stages of continuous counter-current mixing and separation can 
achieve high separation at low solvent usage [67]. The capital and processing costs 
associated with multiple recovery stages will be balanced against solvent cost and 
losses. 
 Chapter 4: Acid-Catalysed Hydrolysis of Bagasse 137 
Table 4.15 Solvent extraction of hydrolysates (at 25 °C) 
Sample Solvent 
Solvent to 
hydrolysate 
ratio 
Component in organic phase (wt%) 
Component in 
aqueous phase 
(wt%) 
Formic 
acid 
Acetic 
acid 
Levulinic 
acid Furfural Solvent MSA 
Synth 1 MIBK 1:1 37.9 33.3 39.3 87.4 1.3 n.a. 
Synth 2 MIBK 1:1 38.3 37.4 40.1 89.9 1.4 n.a. 
Synth 2 MIBK* 1:1 31.6 35.1 38.7 88.2 1.2 n.a. 
Synth 3 MIBK 1:1 42.5 46.2 47.2 89.2 1.8 98.8 
Synth 3 MIBK* 1:1 29.9 34.3 37.8 85.2 1.3 99.0 
Synth 3 MIBK 2:1 56.0 59.6 59.4 95.6 1.9 n.a. 
Synth 3 MIBK 3:1 63.2 65.1 61.3 96.2 1.8 98.0 
Comp MIBK 1:1 34.9 35.8 37.9 - 1.3 n.a. 
Synth 1 MTHF 1:1 65.3 63.4 58.7 92.6 8.6 n.a. 
Synth 2 MTHF 1:1 62.1 60.8 58.5 94.8 8.4 n.a. 
Synth 3 MTHF 1:1 61.8 61.9 61.2 88.2 8.6 95.2 
Synth 3 MTHF** 1:1 59.9 63.2 62.4 84.4 5.9 n.a. 
Synth 3 MTHF 2:1 84.4 86.1 86.5 96.6 8.1 n.a. 
Synth 3 MTHF 3:1 85.9 86.5 85.7 97.4 8.7 97.3 
Comp MTHF 1:1 65.6 64.6 60.3 - 8.4 n.a. 
Synth 2 Butanol 1:1 38.6 63.3 62.8 82.8 5.0 65.8 
Synth 2 Butanola  1:1 47.5 65.4 63.6 86.2 4.0 n.a. 
Synth 2 Butanol 2:1 63.9 86.2 85.0 93.7 4.9 n.a. 
Synth 3 Butanol 1:1 52.5 54.9 73.0 85.6 5.6 61.1 
Synth 3 Butanol* 1:1 52.8 46.1 68.8 87.7 5.0 67.7 
Comp Butanol 1:1 84.1 75.2 57.0 - 6.5 n.a. 
Synth 1 EthAc 1:1 44.6 - 47.9 91.5 1.0 n.a. 
Synth 3 EthAc 1:1 43.8 - 50.3 85.1 1.0 98.1 
Comp EthAc 1:1 45.9 - 47.6 - 1.1 n.a. 
Synth 3 SBP 1:1 15.0 35.8 71.4 97.1 n.d. 96.9 
Synth 3 SBP* 1:1 10.6 32.7 64.2 96.1 n.d. n.a. 
Comp SBP* 1:1 15.3 32.2 61.6 - n.d. n.a. 
* Extraction undertaken at 80 °C, ** Extraction undertaken at 55 °C, a 0.2M NaCl added to solution. 
n.a. – Not analysed.  n.d. – Not detected. 
A number of other extraction solvents including butanol and EthAc were also 
tested and found to provide better extraction efficiency of organic acids (40-70%) but 
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lower extraction efficiency of furfural (80-90%) compared to MIBK.  Butanol 
achieved slightly greater product extraction than EthAc with results similar to 
extraction performance reported by Hu and co-workers [68]. The disadvantage of 
butanol as an extraction solvent is the high water solubility (25-40% in organic 
phase) which caused low partitioning of the acid catalyst (30-40% MSA in organic 
phase). The addition of salt (NaCl) was able to slightly improve the extraction 
efficiency of products. Only simple one solvent systems were tested in this work 
even though mixtures of butanol and MIBK have been shown to improve the 
extraction efficiency of furans [64, 69]. While EthAc has a slightly higher polarity and 
lower solubility in water (~1%) to MIBK, it has lower stability towards aqueous acid 
solutions. Acetic acid extraction was also unable to be determined with this solvent.  
Lastly the recently identified higher boiling point alkylphenol solvent, SBP [65], 
was also tested as an extraction solvent and found to show the highest partitioning of 
the solvents tested in this work at a solvent to hydrolysate ratio of 1:1 for levulinic 
acid (~70% extraction) and furfural (>95% extraction). Much lower extraction 
efficiency was exhibited by SBP for the lower molecular weight organic acids (15% 
extraction of formic acid and 35% extraction of acetic acid) suggesting some 
influence of product molecular size with alkyl chain length of the solvent. The 
extraction efficiency reduced with an increase of extraction temperature (Table 4.15
 Solvent extraction of hydrolysates). The alkylphenol solvent is immiscible 
with water such that no solvent was identified in the aqueous phase and also showed 
high exclusion of the acid catalyst (<5% MSA in organic phase). The high boiling 
point of SBP (227 °C) makes further separation of levulinic acid (boiling point of 
245 °C) difficult as the solvent is normally evaporated to recover and recycle the 
solvent. This is why SBP is proposed as part of a larger biorefinery strategy to allow 
the in-situ conversion of levulinic acid to GVL for simpler recovery rather than 
directly in the recovery of levulinic acid [65].  
The concentration of components in the hydrolysates had limited impact on 
extraction efficiency (Table 4.15) under the dilute conditions tested in this work (and 
solvent ratio) but the limited effect of concentration on extraction has been reported 
by others [66]. For the synthetic hydrolysate with highest concentration of products 
(Synth 3) and a solvent to hydrolysate ratio of 1:1, the partitioning of products were 
summarised for all the extraction solvents tested in Table 4.16. The highest 
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partitioning was achieved with SBP followed by MTHF as the extraction solvent for 
both levulinic acid and furfural. Alonso and co-workers reported a partition 
coefficient of 1.9 for levulinic acid and 0.1 for formic acid in SBP [65]. A higher 
partition coefficient means lower amounts of extraction solvent would be required to 
achieve high concentrations of product in the organic phase of a scaled up process 
which would lower recovery costs. MIBK was found to give a partitioning 
coefficient for furfural of 6.7 similar to a value of 7 reported by Weingarten and co-
workers [38]. Significantly higher extraction of furfural compared to organic acids 
was achieved by the solvents.  
Table 4.16 Partitioning of components (1:1 extraction solvent to hydrolysate 
volumetric ratio for Synth 3) 
Solvent 
Partition coefficient 
Formic acid Acetic acid Levulinic acid Furfural 
MIBK 0.60 0.69 0.72 6.69 
MTHF 1.63 1.65 1.59 9.52 
Butanol 0.51 0.48 1.13 3.00 
EthAc 0.85 - 1.11 6.24 
SBP 0.13 0.41 1.85 25.2 
 
Hydrolysates produced from the conversion of biomass will likely contain 
small amounts of soluble lignin moieties (phenolic structures) that could interfere 
with the extraction process. The solvents tested produced similar extraction 
efficiency on the composite hydrolysate compared to the synthetic samples 
suggesting limited interference of lignin compounds. The concentration of acid 
soluble lignin compounds in the hydrolysates or their extraction performance was not 
investigated in this work.  
4.5 CONCLUSIONS 
Phase changes in the hydrolysis of biomass allow high yields of levulinic acid 
and furfural to be obtained under mild conditions, because the slow rate of the 
fractionation process causes a high acid catalyst to soluble sugar concentration ratio, 
at any one time. Remarkably high yields of products (>75 mol% levulinic acid and 
>85 mol% furfural) achieved are greater than can be obtained from monosaccharide 
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solutions.  When the levulinic acid yield is high, that of furfural is low and vice versa 
so a two-stage process should be used to maximise the yields of both products.  
Pre-treatment of bagasse has an impact on product yields, as soda low lignin 
pulp gave the highest levulinic acid yield at moderate catalyst concentration (0.3 M) 
and the highest furfural yield at low catalyst concentration (0.1 M). Particle size 
appears not to affect product yield.  
Ash and lignin can consume a small fraction of the acid catalyst. Their impact 
was observed on product yields when operating under mild acidic conditions. Thus, 
they may have a significant effect on process operating costs when considering 
recycling of the catalyst under factory conditions.  Lignin, if soluble, can have a 
larger impact on furfural yields as furfural has a tendency to polymerise with other 
soluble compounds under acidic conditions.  
Biomass materials with high lignin content produced the largest amount of 
solid residue due to combined effects of the large acid insoluble fraction and the 
ability of lignin to polymerise with furfural. Detailed analysis of the residue has 
shown it is produced from both oligomerised sugars and degraded furanic 
compounds. The higher heating values of these residues show that they are a useful 
source of fuel. 
Preliminary extraction tests showed that selected solvents were able to recover 
>60% of the organic acids and >90% furfural with almost complete exclusion of the 
acid catalyst (MSA) in a single pass. High exclusion of the catalyst in the organic 
phase will allow it to be easily recycled to minimise chemical costs associated with 
acid-catalysed hydrolysis process. Given the low recovery of organic acids, a multi-
stage recovery process will be necessary for high yields leading to higher processing 
costs. Alternatively, more traditional vacuum distillation methods could be 
considered for recovery of levulinic acid in industrial applications.  
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PREAMBLE 
Organic solvents can assist the hydrolysis and conversion of 
biomass into chemicals.  In Chapter 3 and Chapter 4, MSA catalyst was 
reported to provide, to a certain extent, similar selectivity to sulfuric acid 
for the production of levulinic acid and furfural from both simple and 
complex carbohydrates. The solvolysis of bagasse with MSA in 
conjunction with organic co-solvents is investigated in this chapter. 
Screening trials were conducted on glucose/xylose mixtures with simple 
alcohols and polyols.  Ethylene glycol was selected for detailed 
investigation of the solvolysis of bagasse to examine the effect of EG on 
levulinic acid, formic acid and furfural yields. Analytical methods were 
used to establish the presence of organic acid esters/ketals. The formation 
of these compounds was supported by evidence obtained from the 
literature. The physico-chemical characteristics of solid residues obtained 
from the solvolysis/hydrolysis reactions of the simple sugars and bagasse 
were determined in order to identify a potential application of the 
products. 
The recovery of EG esters of levulinic acid from aqueous solutions 
was examined using liquid-liquid extraction techniques. The fate of EG 
and the ability to recycle the solvent was briefly examined in this chapter.  
This chapter addresses the third and fourth research objective.   
Objective 3 - Investigate the impact of using glycols as co-solvents for the acid-
catalysed conversion of sugarcane bagasse to levulinic acid and furfural. 
Objective 4 - Investigate extraction processes for levulinic acid recovery.   
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5.1 INTRODUCTION 
Lignocellulosic materials by their nature are recalcitrant to efficient chemical 
transformation. Hydrolysis processes rely on water as the solvent to assist with 
chemical conversion. Water is the most benign, environmentally friendly, and cheap 
solvent for hydrolytic processing of lignocellulosic materials. However, moderate 
temperatures and catalysts are generally required for effective depolymerisation and 
chemical conversion of lignocellulosics [1]. Organic solvents have been utilised to 
improve the conversion of lignocellulosics by increasing solvent penetration and 
biomass dissolution [2, 3], and enhancing the effectiveness of the catalyst [4]. These 
improvements include reduced reaction temperature, enhanced reaction kinetics and 
increased product yields [4], although solvent recovery can be an issue if high solvent 
ratios are used [4, 5].  
Simple alcohols (i.e., ethanol) have been investigated as suitable solvents to 
assist the conversion of carbohydrates into chemicals. High yields of organic acid 
esters can be obtained from simple sugars [6], attributable to the suppression of side 
reactions [7], although reduced yields are obtained with more complex feedstocks 
such as biomass [8].  
Polyols are an interesting class of solvents in that they can enhance penetration 
of catalyst into the feedstock and in doing so reduce the surface tension and improve 
reactivity [9]. Ethylene glycol is a known lignin solvent and can be renewably 
produced from biomass [10, 11]. Ethylene glycol has been used in the pre-treatment of 
cellulosic materials to remove xylan and lignin and cause biomass defibrillation [12, 
13]. Glycols have also been used as liquefaction solvents for cellulosic materials 
primarily in the absence of water and under atmospheric conditions to produce glycol 
organic acid esters [14, 15]. The two hydroxyl groups in EG also permits the formation 
of cyclic ketals [16].  Limited research has been undertaken on the role of glycol under 
hydrolytic conditions in the formation of organic acids and furfural from simple 
sugar mixtures and bagasse.  
In this chapter the solvolysis of glucose/xylose mixtures with MSA as the 
catalyst and a number of alcohol co-solvents is first examined. Mineral acids such as 
sulfuric acid react irreversibly with excess alcohol to form alkyl sulfates [17]. The 
strong dehydrating nature of sulfuric acid can cause charring oxidation reactions as 
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well as forming ethers that reduce ester yields [18]. As such, in the present study no 
comparison was undertaken with sulfuric acid and alcohol co-solvents.  Detailed 
evaluation of the formation of organic acid esters/ketals was examined. The effect of 
ethylene glycol on the solvolysis of bagasse was then investigated. Typical extraction 
solvents were also briefly examined for the recovery of the ester products. 
5.2 MATERIALS AND METHODS 
5.2.1 Materials 
Chemicals used for analyses include ultra pure Millipore-Q water, D-(+)-
xylose (99%), D-(+)-glucose (99%), DL-glyceraldehyde (90%), 5-
hydroxymethylfurfural (99%), L(+)-lactic acid (98%), levulinic acid (98%), ethyl 
levulinate (99%), ethyl formate (97%), diethylene glycol (99%), polyethylene glycol 
(average mol. wt. 200), sodium chloride (99%), ammonium sulfate (99%), 2-
methyltetrahydrofuran (99%), 4-methyl-2-pentanone (99.5%), and 2-sec-butylphenol 
(98%) purchased from Sigma Aldrich; formic acid (98%) and 2-furaldehyde (99%) 
purchased from Fluka Analytical; 1,6-anhydro-β-D-glucopyranose (99%) purchased 
Acros Organics; sodium hydroxide pellets (97%), maleic acid (99%), glycerol 
(99.5%) and ethylene glycol (99%) purchased from Merck; methanesulfonic acid 
(~70%) purchased from BASF; and ethanol (anhydrous 99.9%), glacial acetic acid 
(99.7%), ethyl acetate (99%), and n-butanol (99.5%) purchased from Chem Supply. 
Deuterated dimethylsulfoxide, deuterated chloroform (CDCl3) and deuterium oxide 
was purchased from Sigma Aldrich (99.9 atom% D). All the chemicals were used as 
received.   
Untreated sugarcane bagasse and soda low lignin pulp as described in Section 
4.2.2 was used for the investigation. The bagasse and pulp were oven dried (50 °C 
under vacuum overnight), and milled using a cutter grinder (Retsch® SM100, Retsch 
GmBH, Germany) with a 0.5 mm aperture screen.  
5.2.2 Experimental 
5.2.2.1 Solvolysis reactions  
The procedure for conducting the hydrolysis experiments is similar to that 
described in Section 3.2.2, except that alcohol co-solvents are used. Following 
reaction, the ampoules were opened and the contents filtered (under vacuum) with 
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dilution water added to wash the solid residue and allow the filtrate to be 
quantitatively analysed. Solutions that proved difficult to filter were alternatively 
collected after dilution and centrifuged for 5 min at 3000 rpm with the supernatant 
quantitatively analysed. 
Selected operating variables were tested to study the impact on levulinic acid 
and furfural yields. The variables included acid catalyst concentration, solvent 
concentration, temperature, and reaction time.  
5.2.2.2 Ester synthesis 
A mixture (total of 100 g) comprising of levulinic acid and EG was reacted 
with MSA catalyst (1 g) in a rotary evaporator (Buchi Rotavapor EL - Laboratorium-
Technic, Flawil, Switzerland) heated with water at 80 °C. The evaporator was 
operated at ~90 kPa of vacuum and water formed in the reaction was continuously 
removed to promote the formation of ester product.  The reaction was considered 
complete after 2-3 h when no more water was being produced. The mixture was 
neutralised with 10% NaOH, filtered and passed over cation exchange resin, 
Amberlyst IRC-50 (hydrogen form) to provide purified samples.  
5.2.2.3 Liquid-liquid extraction 
Synthetic hydrolysates were prepared containing varying concentrations of 
MSA, levulinic acid, EG and EG-levulinate esters. Liquid-liquid extractions were 
carried out in 15 mL graduated cylinder vials using a similar procedure described in 
Section 4.2.2.2.  
5.2.3 Analytical methods 
5.2.3.1 Liquid product analysis 
The concentrations of liquid products were determined using HPLC, GC-MS 
and NMR spectroscopy.  
Quantitation of monomeric sugars, organic acids, furan compounds, EG and 
extraction solvents was carried out on a HPLC system as described in Section 
4.2.3.2.  
Selected hydrolysates and synthesised ester solutions in either aqueous form or 
dissolved in acetone were analysed by GC-MS.  Analysis was carried out using a 
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Hewlett-Packard GC-MS (HP6890 series GC with an HP5973 MS detector) with a 
capillary column (Agilent: HP-1MS, HP19091Z-012; length, 25 m; internal 
diameter, 0.32 mm; film thickness, 0.17 μm).  Samples were injected with a split 
ratio of 50:1 into the injection port set at 250 °C. The column temperature was 
initially maintained at 40 °C for 3 min before increasing to 265 °C at a heating rate 
of 15 °C/min. Compounds were identified by means of matching mass spectrum 
from the spectral library (a criteria quality value > 90% was used).  
Precisely weighed solutions comprising typically 500-600 μg of hydrolysate 
(or 100 μg ester solution + 500 μg Millipore-Q water) and 100 μg D2O were filtered 
and transferred into a NMR tube. Maleic acid (δC / δH 131.8, 169.9 / 6.27 ppm) was 
added as an internal reference standard (5 µL of solution of 300 g/L maleic acid 
solution in D2O) to the NMR solutions to provide quantitative proton spectra results. 
This provided 1.5 mg maleic acid in the NMR solution.  
High resolution NMR spectra were obtained using a Bruker Avance 400 MHz 
or Varian Inova 400 MHz NMR spectrometer with a gradient probe operating in 
inverse detection mode following similar procedures detailed in Section 3.2.3.2. 
One-dimensional proton (1H) and carbon (13C) spectra and two-dimensional NMR 
techniques; TOCSY, multiplicity edited HSQC and HMBC spectroscopy methods 
were conducted. 
Proton spectra and assignment of calibration solutions in D2O is as follows:  
Acetic acid: δH 1.93 ppm; δC 20.8, 178.1 ppm  
Formic acid: δH 8.08 ppm; δC 166.2 ppm  
Levulinic acid: δH 2.09, 2.44, 2.71 ppm; δC 28.3, 29.2, 38.3, 177.7, 214.1 ppm  
HMF: δH 6.51, 7.37, 9.29 ppm; δC 57.2, 110.1, 123.9, 152.1, 161.4, 178.2 ppm  
Furfural: δH 6.6, 7.41, 7.75, 9.33 ppm; δC 112.8, 121.55, 148.3, 153.1, 178.0 ppm  
MSA: δH 2.65 ppm; δC 38.50 ppm  
Ethylene glycol: δH 3.51 ppm; δC 63.35 ppm  
Diethylene glycol: δH 3.49, 3.59 ppm; δC 60.41, 71.5 ppm  
5.2.3.2 Solid product analysis 
Following the hydrolysis experiments the mixture was filtered through a 
Whatman No. 5 filter paper to retain the solid residue which was dried to a constant 
weight (50 °C vacuum oven overnight) and analysed by FTIR, NMR, 
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thermogravimetry analysis (TGA) and elemental analysis. The methods for FTIR, 
NMR and elemental analysis of solid residue are detailed in Section 3.2.3.2. 
Thermal decomposition of the samples was carried out in a TA ® Instruments 
incorporated high-resolution thermogravimetric analyser (series Q500) in a flowing 
nitrogen atmosphere (80 mL/min). Approximately 1 to 4 mg of sample was heated in 
an open platinum crucible at a rate of 10.0 °C/min up to 1000 °C. A curve of weight 
loss against temperature was constructed from the data obtained by the instrument. A 
derivative of this curve (DTG) was produced to determine when the maximum rates 
of weight loss occurred. 
5.3 RESULTS AND DISCUSSION  
5.3.1 Solvolysis screening trials 
Recently, low temperature (<100 °C) organosolv pre-treatment processes have 
been developed based on polyols [13, 19] taking advantage of the high boiling point of 
polyol solvents for recycling as opposed to lower boiling point alcohols used in 
typical organosolv treatment.  These processes deconstruct the biomass (i.e., remove 
lignin and hemicellulose) to produce a cellulose rich pulp.  
A number of preliminary experiments were conducted on mixtures of glucose 
(0.1 M) and xylose (0.03 M) with 0.5 M MSA and using 25% (v/v) co-solvent. 
Reactions were conducted at 180 °C for a reaction time of 15 min. The solvents 
evaluated were simple alcohols (ethanol, EG and glycerol) with varying number of 
hydroxyl groups in their structure. The concentration of the co-solvent used in this 
study was to allow easy workability and analysis. 
The HPLC chromatograms using both refractive index (RI) and UV detection 
at 210 nm wavelength are given in Figure 5.1.  The chromatogram obtained with RI 
was able to be used to quantify the amounts of levulinic acid obtained from ethanol 
and glycerol solutions, but not for levulinic acid obtained from EG treatment.  This is 
because the EG peak overlapped that of levulinic acid, as both have similar retention 
times. The retention time of levulinic acid is 16.10 min while that of EG is 
16.25 min. However, the UV detection method (at 210 nm) was able to quantify the 
concentration of levulinic acid in the EG system (Figure 5.1), because EG has limited 
UV response (<2% compared to levulinic acid). Similarly glycerol (13.6 min) and 
formic acid (14.1 min) could not be quantified based on RI responses but the low UV 
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response of glycerol enabled formic acid to be quantified based on UV detection. 
Figure 5.1 also showed many unknown peaks obtained with UV detection. Attempts 
were later made using NMR and GC-MS to determine some of the compounds 
associated with some of these peaks. 
Furfural elutes at ~46 min and was determined at a UV absorbance of 280 nm, 
as this gave a stronger response than that at 210 nm. 
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Figure 5.1 HPLC of levulinic acid and solvolysis reaction products from 
mixtures of sugars 
The results of the screening trials are given in Table 5.1. On the basis of the 
HPLC results, glycerol produced the lowest yields of levulinic acid, formic acid and 
furfural. It generated a darker coloured product compared to the other two co-
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solvents and produced a more viscous hydrolysate. It was difficult to completely 
remove glycerol from the residue and so the proportion of the latter was not 
determined.  Both ethanol and EG increased product yields and resulted in decreased 
solid residue compared to no co-solvent. As EG solvent produced the highest 
levulinic acid yield compared to the other co-solvents and in its absence, most of the 
studies herein involved its use in the hydrolysis of simple sugars and bagasse. It 
should be noted, however, that in subsequent analysis, levulinic acid esters (Section 
5.3.1.1 and 5.3.2) were established as products in these hydrolysates, and so the 
results of Table 5.1 are not a true reflection of the conversion effectiveness of the 
various co-solvents. 
Table 5.1 Yields from preliminary solvolysis trials  
Co-solvent * Levulinic acid 
yield (mol%^) 
Formic acid 
yield (mol%^) 
Furfural yield
(mol%^) 
Solids 
(wt% feed) 
Water 55.3 63.6 37.7 4.8 
Ethanol  61.9 72.4 59.5 1.8 
Ethylene glycol 71.0 88.0 44.5 3.8 
Glycerol 32.8 46.2 16.3 - 
Reaction conditions: 0.1 M glucose + 0.03 M xylose; 0.5 M MSA; 180 °C; 15 min. 
* 25% (v/v) hydroxyl concentration (mol/L):  ethanol - 15.0; ethylene glycol - 31.4; glycerol - 31.7. 
^ Based on glucose/xylose content. Yields determined by HPLC analysis.  
5.3.1.1 Formation of organic acid esters 
Proton spectra of the solvolysis reaction product are provided in Figure 5.2 and 
confirm the presence of levulinic acid, formic acid and furfural identified in the 
HPLC analysis. Proton spectra of levulinic acid, ethyl levulinate and ethyl formate 
are provided in Appendix C (Figure C1). Given the high concentration, the organic 
solvents can produce large peaks that disturb the peaks of other compounds that are 
in close proximity and also generate smaller 13C satellites (as observed in Figure 5.2). 
Levulinic acid structure was observed in each of the solvolysis mixtures comprising 
of a methyl ketone group (singlet at δH = 2.09 ppm) linked to methylene (CH2) 
groups (triplets at δH ~ 2.44 ppm and 2.71 ppm). For the ethanol solvolysis mixture, 
ethyl levulinate was detected (see proton NMR spectrum Appendix C – Figure C1). 
It and levulinic acid have overlapping peaks, with the methylene groups in the ester 
shifting slightly downfield (triplets shift by ~0.04 ppm) of the levulinic acid 
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methylene groups shown in the inset (see also Figure C1). A clear differentiation of 
the methyl group protons of formic acid (singlet at δH = 8.08 ppm) and ethyl formate 
(singlet at δH = 7.97 ppm) is observed, and a multiplet at δH = 1.09 ppm and 4.11 ppm 
confirming the presence of this ester (Figure 5.2). The amount of ethyl formate is 
small relative to that of formic acid as indicated from the intensity of the peaks in 
Figure 5.2.  
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Figure 5.2 Proton spectra of levulinic acid and solvolysis reaction products 
from mixtures of sugars 
The EG and glycerol solvolysis treatments show the presence of levulinic acid, 
formic acid and furfural, but in addition, show extra triplet peaks shifted to higher δH 
values. The triplets centred around δH = 2.47 ppm, 2.75 ppm and 4.04 ppm are 
probably the levulinic esters for EG. The shoulder at δH = 2.48 ppm for the EG 
spectrum may indicate another esterified form of levulinic acid. The triplet at δH = 
4.14 ppm and the singlet at 8.04 ppm may be related to formate ester.  
In the glycerol spectrum, the triplets at δH = 2.48 and 2.76 ppm is probably 
glycerol levulinate, while the multiplets at δH = 3.22, 3.74 and 3.95 ppm may also 
relate to glycerol levulinate or glycerol decomposition products. The multiplet at δH = 
4.02 ppm and the singlet at δH = 8.04 ppm may be glycerol formate.  
5.3.2 Synthesis of levulinic acid esters 
Currently there are no commercially available levulinic acid-EG ester 
standards to allow quantitation of these products from acid-catalysed solvolysis 
reactions. So, in order to confirm the presence of organic acid esters derived from 
EG, levulinic acid-EG esters were synthesised and characterised using both GC-MS 
and NMR analysis methods. 
The solvolysis reaction of sugars described in Section 5.3.1 involved the use of 
the solvent in excess. For EG solvolysis reaction, the molar ratio of EG to glucose 
was ~50:1. For this study, EG esters were synthesised with EG to levulinic acid in 
lower molar ratios of 5:1 (Test A) and 1:1 (Test B) to avoid excess EG complicating 
the identification process.  
An alternative synthesis method involved atmospheric boiling under reflux of 
levulinic acid and EG mixtures (and catalyst) in a 250 mL round bottom flask 
immersed in an oil bath. A dean stark apparatus was connected to the flask to remove 
the water produced and shift the equilibrium towards ester formation. However this 
method caused the generation of darkly coloured compounds as a reaction 
temperature of >175 °C was required to promote the esterification reaction under 
atmospheric conditions (i.e., water was not produced at lower temperatures). Under 
high reaction temperature, EG can degrade producing numerous compounds. 
Analysis by GC-MS identified various EG degradation products (i.e., 1,4-dioxane, 2-
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methyl-1,3-dioxane and linear polymers of EG), furans (i.e., 1,3-cyclopentanedione), 
furanones (α-angelicalactone) and esters.  The work described in the following 
section is based on the methodology described in Section 5.2.2.2. 
5.3.2.1 GC-MS analysis 
Gas chromatograms of diluted synthesised levulinic acid esters are shown in 
Figure 5.3. The spectral library was only able to reliably identify (fit value >90%) 
EG (which elutes <4 min) and levulinic acid (retention time of 6.8 min). Other than 
the reactants, two main peaks were identified at 8.9 min and 13.7 min. The products 
obtained in Test B were dissolved in acetone and analysed to reveal two additional 
peaks at 10.7 min and 15.1 min (Figure 5.3). Identification of the ester compounds 
were achieved by analysing the mass spectra based on molecular ion and 
fragmentation patterns (Scheme 5.1 to Scheme 5.5).  A summary of the 
fragmentation ions identified for each peak in the gas chromatogram is detailed in 
Table 5.2 with the mass spectra of the each gas chromatogram peak provided in 
Appendix C (Figures C2 to C6).   
Table 5.2 GC-MS assignment of synthesised samples 
Retention 
time (min) Compound Formula MS ions (m/z) 
6.8 Levulinic acid C5H8O3 
116.1, 101.1, 99.1, 73.1, 
56.1, 43.1 
8.9 EG-mono-levulinate C7H12O4 
145.1, 130.1, 99.1, 87.1, 
71.1, 56.1, 43.1 
10.7 EG-mono-levulinate-EG-ketal C9H16O5 
189.1, 143.1, 99.1, 87.1, 
71.1, 55.1, 43.1 
13.8 EG-di-levulinate C12H18O6 143.1, 99.1, 71.1, 43.1 
15.1 EG-di-levulinate-EG-ketal C14H22O7 
287.1, 187.1, 171.1, 143.1, 
99.1, 87.1, 71.1, 55.1, 43.1 
 
As shown in Table 5.2, the peak with a retention time of 8.9 min was assigned 
to EG-mono-levulinate (2-hydroxyethyl 4-oxopentanoate), while the peak at 
13.7 min was assigned to EG-di-levulinate (ethane-1,2-diyl bis(4-oxopentanoate)).  
The spectral library tentatively assigned (low quality of fit) both peaks at 10.7 min 
and 15.1 min in the acetone soluble fraction as EG-mono-levulinate-EG-ketal [2-
hydroxyethyl 3-(2-methyl-1,3-dioxolan-2-yl)propanoate]. Other thermochemical 
 156 Chapter 5: Acid-Catalysed Solvolysis of Carbohydrates 
studies of biomass involving EG solvents have identified EG-mono-levulinate-EG-
ketal as a product [15, 20]. Examination of the mass spectra of the peak at 15.1 min 
(Appendix C – Figure C6) shows specie of higher m/z (i.e., 287 amu). It is therefore 
likely that this compound is of a higher molecular weight than the one that eluted 
after 10.7 min and so could be EG-di-levulinate-EG-ketal (2-{[3-(2-methyl-1,3-
dioxolan-2-yl)propanoyl]oxy}ethyl 4-oxopentanoate). The two ketal products were 
not present under aqueous solutions, which suggest they are unstable under those 
conditions. 
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Figure 5.3 Stacked gas chromatograms of synthesised samples 
In Electron Impact (EI) mass spectrometry the parent ions “or “molecular ions” 
initially formed in the source are not only of high internal energy but they are also 
inherently unstable because they contain an unpaired electron.  These first formed 
ions therefore decompose by uni-molecular homolytic bond cleavages to form 
smaller ions, which have all their electrons paired and so are inherently more stable.  
Sometimes these processes are so rapid that no parent ions survive and are not 
observed in the spectrum.  
Many of these fragmentation processes now are well understood and well 
documented [21].  Fundamentally the decomposition is strongly influenced by the site 
of the unpaired electron in the molecular ion.  In fact, a suite of molecular ions is 
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usually present but for oxygen containing compounds the unpaired electron is almost 
exclusively located on the oxygen atom and so cleavage of adjacent bonds dominates 
the spectrum.  Rearrangement processes can also occur driven by the stability of the 
product ions.  Whilst some of these are well documented, many are difficult to 
predict and arguably of limited structural relevance since the original connectivity in 
the molecule is altered.  The initial fragmentation produces an “all paired” cation 
which can further fragment by heterolytic processes accompanied by the loss of 
small stable molecules such as CO, CH2=O, and CH2=CH2.  The intensity of all of 
these ions can vary enormously as they are the result of a competitive set of chemical 
reactions where the kinetics and thermodynamics are largely unknown. 
Structural elucidation by mass spectrometry involves demonstrating how the 
ions observed in the spectrum of a particular structure can be accounted for by 
known and well-documented mechanisms. Proposed degradation pathways that 
match the fragmentation patterns of levulinic acid, the mono- and di-esters and the 
mono- and di-ketal-esters are presented in Scheme 5.1 to Scheme 5.5.  
The ester and ketal parent molecular ions (m/z = 160, 204, 258, 302) were not 
observed. This is not unexpected as long chain aliphatic and especially carbonyl 
compounds typically exhibit low kinetic barrier and are thermodynamically unstable. 
In fact levulinic acid itself exhibits a low abundance for its parent molecular ion 
(Appendix C – Figure C2). Some of the expected fragment ions according to the 
proposed degradation pathways were also not observed or were of low abundance 
due to their relative instability. The limited number of fragmentation ions for EG-di-
levulinate is consistent with a compound of symmetrical structure [21]. 
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Scheme 5.1 Levulinic acid fragmentation pattern  
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Scheme 5.2 EG-mono-levulinate fragmentation pattern 
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Scheme 5.3 EG-mono-levulinate-EG-ketal fragmentation pattern 
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Scheme 5.4 EG-di-levulinate fragmentation pattern 
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Scheme 5.5 EG-di-levulinate-EG-ketal fragmentation pattern 
There is some uncertainty surrounding the identification of ester products given 
the small number of fragmentation ions in the mass spectrum and multiple peaks in 
the gas chromatogram (Figure 5.3). This may be a result of using a non-ideal column, 
and so it is recommended further research into the GC-MS method be undertaken.  
5.3.2.2 NMR analysis 
Given the uncertainty of the GC-MS method to discern the ester structures of 
the synthesised products, NMR analyses were conducted on these products. Proton 
spectra for levulinic acid, and products from Test A and Test B are presented in 
Figure 5.4. The results from the spectra confirmed the presence of EG, levulinic acid, 
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EG-mono-levulinate and the MSA catalyst. This was confirmed by the HMBC 
spectra (Figure 5.5 for Test A and Figure 5.8 for Test B), as this technique measures 
the long range couplings of protons and carbon over 2-4 bonds. The ester methylene 
group (δH = 4.04 ppm) for EG-mono-levulinate is linked to a second methylene 
group (δH = 3.65 ppm) establishing the structure. A cross-check was also performed 
with HSQC spectrum (Figure 5.6) which measures the couplings of protons and 
carbons separated by a single bond. 
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Figure 5.4 Proton spectra of levulinic acid and synthesised samples 
The TOCSY spectrum (Figure 5.7) was also able to show the correlations 
between geminal and vicinal protons in both the glycol and levulinic acid methylene 
(CH2) groups, but was unable to confirm the ester linkage as correlations are seen 
between distant protons only as long as there are couplings between every 
intervening proton. 
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Figure 5.5 HMBC NMR spectrum of product obtained from EG to levulinic 
acid ratio of 5:1 
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Figure 5.6 HSQC NMR spectrum of product obtained from EG to levulinic 
acid ratio of 5:1 
 
Figure 5.7 TOCSY NMR spectrum of product obtained from EG to levulinic 
acid ratio of 5:1 
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The proton NMR also identified the di-ester, EG-di-levulinate. Similar to the 
mono-ester, it comprised of a methyl ketone group (singlet at ~2.09 ppm) linked to 
methylene groups (triplets at δH = 2.48 ppm and 2.76 ppm) with very little 
differentiation (δH ~0.01 ppm shift) to the mono-ester. The levulinate structure was 
linked to a glycol ester methylene group (singlet at δH = 4.17 ppm). A singlet glycol 
methylene group peak (δH = 4.17 ppm) is expected for EG-di-levulinate based on the 
symmetry of the compound and allows differentiation of the two esters in the 
reaction mixture. The di-ester structure was confirmed by the HMBC NMR spectrum 
of Test B (Figure 5.8) where it is in greater abundance (c.f. Test A in Figure 5.5). An 
additional synthesised mixture was produced with EG to levulinic acid in a molar 
ratios of 1:5 (Test C). This reaction mixture had levulinic acid in excess but was also 
able to confirm the EG-di-levulinate structure (Appendix C – Figure C7). 
 
Figure 5.8 HMBC NMR spectrum of products obtained from EG to levulinic 
acid ratio of 1:1 
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Another predominant compound detected in the proton NMR was proposed to 
be EG-mono-levulinate-EG-ketal. This compound comprised of a methyl group 
(singlet at ~1.21 ppm) linked to methylene (CH2) groups (triplets at δH = 1.92 ppm 
and 2.32 ppm). These methylene protons were also correlated to ester/acetal 
methylene groups (multiplet at δH = 3.85 ppm assigned to acetal methylene and 
triplet at δH = 4.03 ppm assigned to ester methylene) as confirmed by the HMBC 
spectra (Figure 5.5 for Test A and Figure 5.8 for Test B). The ester methylene (δH = 
4.03 ppm) was linked to a second methylene group (δH = 3.64 ppm) similar but 
slightly offset and overlapping of the EG-mono-levulinate structure.  The correlation 
between the levulinic methylene protons with ester methylene protons at δH = 
4.03 ppm was weak, so it may be possible that a small amount of the levulinic acid-
EG-ketal may be present, and exhibit similar proton spectra. A summary of peaks 
identified and assigned to the various levulinate products is shown in Table 5.3.  
The GC-MS spectra of Test B in acetone indicated the presence of both EG-
mono-levulinate-EG-ketal and EG-di-levulinate-EG-ketal. Closer inspection of the 
proton spectra for Test B (Figure 5.9) shows overlapping methylene (CH2) groups 
(triplets at δH = 1.92 ppm and 2.32 ppm) which are possibly associated with the 
mono- and di-ester ketals and would confirm the GC-MS results. The smaller peaks 
shifted slightly upfield likely represent EG-di-levulinate-EG-ketal which is expected 
to be in lower quantity.  
The results obtained from this work are supported by information available in 
the literature. The two hydroxyl groups in EG permit the formation of mono- and di-
glycol esters when reacted with carboxylic acids [22-24]. For the simple esterification 
reaction, the ratio of mono- and di-esters is dependent on the glycol to carboxylic 
acid ratio where high glycol ratios favour selective formation of the mono-ester [23].  
Thus, when EG is used as a co-solvent in a hydrolysis reaction in which levulinic 
acid is present the major product is EG-mono-levulinate. Conversely, it would be 
expected that reactions involving excess levulinic acid would favour the formation of 
EG-di-levulinate (Scheme 5.6).  
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Figure 5.9 Proton spectra for products obtained from EG to levulinic acid 
ratio of 1:1 
Table 5.3 Assignment of NMR peaks for levulinate compounds 
Structure 
Levulinate 
methylenes 
(δH / δC) 
Glycolic 
methylenes 
(δH / δC) 
Ketal 
methylenes 
(δH / δC) 
Acyl 
methyl    
(δH / δC) 
Ketal 
methyl   
(δH / δC) 
CH3
OH
O
O  
2.71 / 38.28 
2.44 / 28.30 - - 
2.09 / 
29.24 - 
CH3
O
O
O
OH
 
2.75 / 38.26 
2.47 / 28.44 
3.65 / 60.12 
4.04 / 66.78 - 
2.09 / 
29.67 - 
CH3
O
O
O
O
CH3
O
O
2.76 / 38.20 
2.48 / 28.40 4.17 / 63.21 - 
2.09 / 
29.66 - 
O O
O
O
CH3
OH
 
1.92 / 33.65 
2.32 / 29.19 
3.64 / 60.05 
4.03 / 66.57 3.85 / 65.05 - 
1.21 / 
23.54 
CH3
O
O
O O
O
O
CH3
O
1.90 / n.a. 
2.29 / n.a. n.a. / n.a. n.a. / n.a - 
1.21 / 
n.a. 
n.a. – Not assigned. 
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Scheme 5.6 Levulinate EG ester and ketal pathways   
Mullen et al. (2010) have also reported that the diol group (in glycols) also 
allows the formation of cyclic ketals [16] with two potential products formed, 
levulinic acid-EG-ketal [3-(2-methyl-1,3-dioxolan-2-yl)propanoic acid] or the 
formation of EG-mono-levulinate-EG-ketal as shown in Scheme 5.6.  
In the production of glycerol levulinate ketals, levulinic acid is first esterified 
to ethyl levulinate to reduce the reactivity of the carboxylic acid group before 
reacting with glycerol to form a cyclic ketal with the ketone group in the levulinate 
[25]. It is therefore proposed that in the acid-catalysed reaction of EG and levulinic 
acid, the latter is converted to an ester prior to the formation of the cyclic ketal.  The 
GC-MS analysis conducted in this work (Section 5.3.2.1) did not identify levulinic 
acid-EG-ketal but did identify both EG-mono-levulinate-EG-ketal and EG-di-
levulinate-EG-ketal.  
Generally the ester methylene (CH2) group triplet peak at δH = 4.04 ppm was 
used for quantitation of EG-mono-levulinate as polyethylene glycol (PEG) produced 
peaks close to the other ester methylene protons at δH = 3.65 ppm. However, the 
ketal-levulinates showed some overlap of these peaks but could easily be 
differentiated by quantitation of their methylene groups (triplets at δH = 1.92 ppm and 
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2.32 ppm) which were unique. The single ester methylene proton peak (δH = 
4.17 ppm) was used for quantitation of EG-di-levulinate. Total levulinate yield (i.e., 
levulinic acid + ester) can be quantified based on integration of the common methyl 
ketone group (δH = 2.09 ppm). Levulinic acid can be quantified after differentiation 
of both the EG-mono-levulinate and EG-di-levulinate from the common methyl 
ketone group. This approach was used for quantitation of the bagasse products 
(against an internal standard) in Section 5.3.3 and is shown in the following 
equations: 
   2 2.32ppm 1.92ppmKetal-levulinates CH H  or H      (5.1) 
 2 4.17ppmEG-di-levulinate 2 CH H       (5.2) 
   2 4.04ppmEG-mono-levulinate CH H ketal-levulinates    (5.3) 
 3 2.09ppmTotal levulinates CH H         (5.4) 
   3 2.09ppmLevulinic acid CH H EG-mono-levulinate + EG-di-levulinate   
         (5.5) 
The levulinate esters and ketals are unstable in aqueous solution such as the 
conditions prevailing in the NMR tube (~80% water and a small amount of MSA 
catalyst).  When the product from Test A was dissolved in a non-aqueous solvent, 
CDCl3, the ketal compound remained stable. Two-dimensional NMR analyses of 
Test A in CDCl3 are shown in Appendix C (Figures C8 to C10).   
The stability of the ester and ketal compounds (in D2O) was examined over 
time (Figure 5.10). Table 5.4 shows the degradation profile of the esters and ketals. 
The ketals hydrolyse to levulinic acid and EG-mono-levulinate, while the latter 
slowly hydrolyses to levulinic acid.  While not shown in Table 5.4, the ketal is 
completely hydrolysed in less than 12 h. 
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Figure 5.10 Proton spectra showing the degradation of levulinate esters and 
ketals 
Table 5.4 Composition of synthesis mixtures over time in D2O 
Time
Composition of products (mol%*) 
Test A Test B 
Initial# 48 h 2 wks 6 wks Initial# 48 h 2 wks 6 wks 
Levulinic acid  4.0% 17.6% 47.6% 74.0% 15.6% 23.6% 52.3% 82.0%
EG-mono-
levulinate 59.8% 79.4% 50.0% 25.4% 38.6% 47.6% 34.7% 16.0%
EG-di-
levulinate 4.2% 3.0% 2.4% 0.6% 35.6% 28.8% 13.0% 2.0% 
EG-levulinate-
ketals 32.0% n.d. n.d. n.d. 10.2% n.d. n.d. n.d. 
* Based on moles of levulinic acid. 
# The initial product composition is based on proton NMR analysis with CDCl3.  
n.d. – Not detected. 
The carbon spectra of the synthesis mixtures (Appendix C – Figure C11) also 
show slight shift in peaks compared to levulinic acid. The largest shift was associated 
with the carbonyl group carbon (δC = 177.9 ppm) which is the carbon closest to the 
EG ester group. This carbon peak allowed differentiation of the mono- and di-
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levulinic ester and so may also be used for identification [14], though this was not 
used in this study. Carbon spectra are not used for quantitation. 
5.3.3 Ethylene glycol solvolysis of bagasse 
Reaction conditions, product yields and distribution for the EG solvolysis tests 
on bagasse are detailed in Table 5.5. For comparison to the hydrolysis results of 
Chapter 4, experiments were also conducted with no co-solvent. A number of trials 
were conducted on soda low lignin pulp to examine if lignin content in the bagasse 
impacts on product yields and because this pulp was shown to produce the highest 
yields of levulinic acid (Section 4.3.3). Total levulinate yields and ratio of ester to 
acid were determined by NMR quantitation. Selected levulinate and furfural yields 
from the EG solvolysis of bagasse with comparison to no co-solvent (and soda low 
lignin pulp) are also shown in Figure 5.11 and Figure 5.12 respectively. Where actual 
data is not available for comparable hydrolysis conditions (i.e. no co-solvent), yields 
were calculated using the RSM model (see Section 4.3.2.5). 
The results in Table 5.5 (and Figure 5.11) show EG co-solvent improves the 
carbon yield of levulinates (levulinic acid and glycol levulinate esters) by up to 20% 
compared to hydrolysis of bagasse with no EG co-solvent. Highest levulinate yields 
were achieved with 50% (v/v) EG co-solvent with lower levulinate yield achieved at 
higher co-solvent concentrations.  Solvolysis of pre-treated bagasse achieved the 
highest yields of levulinate at 80.9 mol% which is similar to the hydrolysis trends 
where higher levulinic acid yield was achieved with soda low lignin pulp (see 
Section 4.3.3). The higher carbon yield implies that EG aids solvation and selectivity 
leading to reduced side reactions.  Ethylene glycol is used in organic reactions to 
protect ketone groups and so this functionality may also help to reduce side 
reactions. This is confirmed by the lower amount of solid residues relative to the 
results obtained with no co-solvent. With high EG solvent (>50% v/v) the solid 
residue was difficult to recover by vacuum filtration as the mixture was very viscous 
(possibly due to dissolved lignin).  
Using small amounts of EG co-solvent (<50% v/v) increased the production of 
furfural relative to when no EG co-solvent is used (Table 5.5 and Figure 5.12).  
However, increasing the amount of EG co-solvent reduced the furfural yield. Under 
mild conditions (0.1 M MSA) furfural yields of 80% could be achieved from 
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bagasse. Lower furfural yields were achieved from soda low lignin pulp. In a 
separate set of experiments where 1 wt% furfural was reacted with 3 wt% acid 
catalyst (MSA) at 180 °C for 40 min, it was found that 96.4% of the furfural 
decomposed (and 54.8 wt% solid residue was produced) when 50% (v/v) EG co-
solvent was used compared to 47.6% furfural conversion (and 26.1 wt% solid 
residue) achieved with no co-solvent. This indicates that the EG co-solvent catalyses 
(or participates as a reactant) furfural degradation reactions. 
Table 5.5 Yields from EG solvolysis of bagasse  
Acid 
conc. 
(M) 
Temp. 
(°C) 
Reaction 
time 
(min) 
Co-
solvent 
(% v/v) 
Solid 
residue 
(wt% 
feed) 
Furfural 
yield 
(mol%#) 
Formic 
acid 
yield 
(mol%#) 
Total 
levulinate 
yield* 
(mol%#) 
Ester ratio 
of total 
levulinate 
(%) 
Bagasse (2.5 wt%) 
0.3 180 40 0 35.1 43.5 70.6 59.0 - 
0.3 180 40 25 n.a. 77.5 87.3 66.8 24.3 
0.3 180 40 50 31.3 58.7 101.2 70.4 43.6 
0.3 180 40 75  14.6 112.8 69.1 54.7 
0.3 180 40 90  14.7 124.1 68.0 54.6 
0.3 180 40 95  8.8 94.6 66.4 68.1 
0.3 180 20 50 27.5 64.6 76.6 55.5 43.1 
0.3 180 40 50 31.3 58.7 101.2 70.4 43.6 
0.3 180 60 50 32.1 29.6 101.2 69.1 39.7 
0.3 200 15 50  40.9 101.5 65.8 42.0 
0.3 200 30 50  29.7 98.5 74.9 42.2 
0.1 180 40 50  81.1 54.1 39.5 42.0 
0.3 180 40 50 31.3 58.7 101.2 70.4 43.6 
0.5 180 40 50 n.a. 20.1 91.7 76.5 38.6 
Soda low lignin pulp (2.5 wt%) 
0.3 180 40 0 26.3 29.6 69.9 63.6 - 
0.3 180 40 50 29.8 52.0 84.3 80.9 45.0 
0.3 180 40 95 n.a. 18.2 85.1 65.0 65.1 
# Based on pentose/hexose sugar content (anhydro-correction). 
* NMR analysis based on total yield of levulinic acid and glycol esters.  
n.a. – Not analysed. 
Note: Differences between replicates were <17.4% for furfural, <11.6% for formic acid, <9.0% for 
levulinic acid, <13.2% for ester ratio and <12.5% for solid residue. 
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Figure 5.11 Levulinic acid yields from MSA acid-catalysed reaction of bagasse 
at 180 ºC 
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Figure 5.12 Furfural yields from MSA acid-catalysed reaction of bagasse at 
180 ºC 
The results in Table 5.5 show that significantly greater amounts of formic acid 
are produced in the solvolysis of bagasse compared to when no EG co-solvent is 
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used. The increase in formic acid coincided with a decrease in furfural yield possibly 
indicating a reaction pathway from furfural to formic acid. This effect was less 
pronounced in the solvolysis of soda low lignin pulp. 
For the reaction conditions of 0.3 M MSA, 40 min reaction at 180 °C, the 
amount of levulinic acid ester in the product increased from 24% (25% v/v EG) to 
68% (95% v/v EG) with increasing co-solvent. The increase in ester product with co-
solvent concentration could be linked directly to the equilibrium attained with a 
given water concentration as the reaction mixtures were not analysed immediately. 
This was the case for the synthesis mixtures (see Table 5.4).  An experiment with 
1 wt% levulinic acid and 50% (v/v) EG at 180 °C for 40 min and no catalyst 
demonstrated that 20% of the levulinic acid was converted to ester when analysed a 
number of weeks later. Although levulinic acid was possibly playing the catalyst role 
in this reaction, this indicates the propensity of the organic acid to form esters with 
EG. 
A proton spectrum of a typical bagasse solvolysis test (50% v/v EG co-solvent, 
180 °C, 40 min) is shown in Figure 5.13. The NMR analysis shows no measurable 
levels of EG-di-levulinate or EG-mono-levulinate-EG-ketal, which is not unexpected 
given that EG is in excess. There was also no ketal-levulinates detected possibly due 
to the dilute aqueous conditions. Under these dilute concentrations a slight separation 
of the methyl ketone proton peak (δH = 2.09 ppm) occurs between levulinic acid and 
the ester. Other products identified in the hydrolysate include furfural, formic acid, 
acetic acid, linear polymers of EG (i.e., diethylene glycol) as well as a number of 
smaller unknown peaks which could be due to degradation of carbohydrates and 
lignin. The peak at δH = 1.23 ppm is associated with a fatty acid, probably originating 
from the bagasse.  The work of Zhang et al. (2007) on the liquefaction of bagasse in 
EG indicated that the fatty acids could be hexadecanoic acid, linoleic acid and 
octadecanoic acid. Small amounts of fatty acids were also identified in the acid-
catalysed solvolysis of sugars and levulinic acid. 
A gas chromatogram of a typical bagasse solvolysis test (50% v/v EG co-
solvent, 180 °C, 40 min) is shown in Figure 5.14. A very broad peak elutes around 
2 min and is associated with EG (and derivatives such as 2-methyl-1,3-dioxane and 
1,4-dioxane). The broadness of the peak is indicative of the high concentration of EG 
in solution which overloads the column.  A small peak associated with diethylene 
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glycol is observed (retention time of 5.8 min) and small amounts of triethylene 
glycol are observed in other solvolysis tests with larger EG concentration which is 
consistent with the NMR results.  
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Figure 5.13 Proton spectra of bagasse EG solvolysis reaction mixture  
The GC-MS did not identify levulinic acid, EG-mono- or EG-di-levulinate. 
The main peak in the gas chromatogram (for all solvolysis tests) occurs at 12.3 min 
and mass spectra detecting the following fragmentation ions, m/z = 43.1, 87.1, 99.1, 
145.1, 155, 187.1, 270.9, and 299.1.  Mass spectrum of this unknown peak is 
provided in Appendix C (Figure C12). A number of these fragmentation ions are 
consistent with EG-mono-levulinate suggesting the compound has a levulinate 
structure. The main compounds identified in the NMR analysis are the levulinates. 
Therefore the unknown compound could represent a larger polymer with levulinate 
structure. This could occur if the ester was of diethylene glycol (or PEG) rather than 
EG. Given the high concentration of EG in solution, polymerisation of levulinates 
and EG due to heating within the GC-MS instrument column could occur causing the 
production of this levulinate compound. Another compound peak in the GC-MS 
spectra elutes at 15.1 min which was assigned as EG-di-levulinate-EG-ketal and was 
identified in the synthesis solutions (see Section 5.3.2.1).   
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Figure 5.14 GC-MS spectra of bagasse EG solvolysis reaction mixtures  
In EG liquefaction of cellulose, Yamada and Ono [14] proposed the mechanism 
of EG-levulinic acid ester formation proceeded through EG-glucoside intermediate 
rather than esterification of levulinic acid.  It is probable that the reaction pathway 
for the solvolysis of bagasse with EG may be similar. However the current work 
utilised EG as co-solvent so under these partial hydrolytic conditions levulinate 
esters could be produced via multiple pathways as shown in Scheme 5.7.  Further 
work should investigate possible reaction pathways when bagasse is hydrolysed with 
EG and other glycols. 
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Scheme 5.7 Possible bagasse reaction pathways with EG 
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Synthesis of glycol mono-esters has received considerable interest for 
producing cross linking agents for polyesters and other specialty products [26]. As 
such the hydrolysate mixture which is rich in organic esters and acids may be useful 
as a feed material for the production of polymers. Alternatively the hydrolysate 
mixture could be upgraded to alkanes as levulinate compounds form lactones [27] at 
high temperature (>250 °C) which can be readily catalytically transformed [28]. These 
value-adding processes may require the purification of the hydrolysate mixture. As 
glycol can undergo trans-esterification with other esters, strategies such as the 
process intensification technique of reactive distillation, which has been shown to 
recover high yields and purity of ethyl levulinate from levulinic acid [29], may offer 
promise in developing simple extraction methods for product recovery. Esterification 
with polyol and subsequent crystallisation has also been shown to be an effective 
method to extract keto-carboxylic esters that can be hydrolysed to provide keto-
carboxylic acid in high purity after the removal of polyol [24]. 
5.3.4 Solid product analysis 
Organic solvents can allow the efficient removal of lignin [9, 13] from the 
biomass matrix and lessen the amount of lignin recondensation and polymerisation 
with other components [3]. It was therefore envisaged that the use of a glycol co-
solvent would produce a residue (i.e., solvolysis residue) of improved functionality 
compared to a residue obtained in it absence (i.e., hydrolysis residue).  The residues 
obtained from bagasse with and without EG treatment were analysed by FTIR, 
NMR, TGA and elemental analyses. 
5.3.4.1 FTIR analysis 
FTIR spectra acquired of the solid residues formed from the acid-catalysed 
solvolysis of bagasse with EG (50% solvent) are compared to EG solvent, bagasse 
feed and bagasse hydrolysis residue in Figure 5.15.  The spectra obtained for the 
residues are quite similar indicating the polymer residue contains similar functional 
compounds and macromolecules under solvolysis conditions.  
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Figure 5.15 FTIR spectra of biomass feed and residues  
The spectra of both residues displayed a broad peak at 3200-3400 cm-1 (O-H 
stretching) associated with carboxylic acid which compares to the sharper peaks 
observed in the spectra of the bagasse feed (and EG solvent) which are representative 
of phenolic and alcohol hydroxyl groups. The residues also displayed sharper peaks 
at 2925 cm-1 (C-H stretching) and 2850 cm-1 (C-H stretching vibrations of methoxy 
group). The prominent peak at ~1695 cm-1 (conjugated aldehyde or carboxylic acid 
carbonyl group [30, 31]) in the bagasse hydrolysis residue was shifted to lower 
frequency with solvolysis indicating strong association of components within the 
polymeric material. Both residues contained peaks at 1600 cm-1 and 1510 cm-1 
(furanic ring stretching [31-33]);  peaks at 1460 cm-1 and 1415 cm-1 (assigned to 
methoxy groups in lignin [34]), a number of peaks within the 1000-1200 cm-1 region 
(C-O stretch and deformation [35])  and peaks at 800-900 cm-1 (C-H out of plane 
vibrations in lignin [36]).  
For EG, the FTIR spectrum from 1400-1450 cm-1 is representative of CH2 
bending and 1000-1100 cm-1 represents C-O stretch and vibration which are also 
present in the bagasse feed. The peaks at 850-900 cm-1 represents CH out of plane 
bending in EG [37] and do not seem to be present in the residue. The solvolysis 
residue exhibited an additional adsorption peak at 1080 cm-1 and 860 cm-1 possibly 
associated with inclusion of glycol groups through ester linkage to the polymer. The 
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intensity of the C-H stretching peaks (2800-2950 cm-1) as well as the CH2 bending 
[37] peaks at (1400-1450 cm-1) were also enhanced in the solvolysis residue.  
5.3.4.2 NMR analysis 
Proton NMR spectra of the residue from the EG solvolysis of bagasse 
(Appendix C – Figure C13) were obtained and show the formation of humps in the 
aliphatic (δH = 0.8-3.2 ppm), anomeric (δH = 3.65-5.25 ppm), aromatic (δH = 6-
8.5 ppm) and aldehydic regions (δH = 9-11 ppm). In comparison to bagasse 
hydrolysis residue, the solvolysis residue displays significantly lower amounts of 
superimposed peaks on these hump regions.  
The NMR spectra were baseline corrected to remove the ‘humps’ and the 
overlying water peak suppressed to obtain additional information on the nature of the 
peaks. A comparison of the proton spectra for residues from the hydrolysis and 
solvolysis of bagasse are detailed in Figure 5.16. The solvolysis residue displayed 
prominent distinct peaks of organic acids (levulinic acid (δH = 2.09/2.38/2.65 ppm), 
acetic acid (δH = 1.91 ppm) and fatty acid (δH = 1.23 ppm), as well as the catalyst, 
MSA (δH = 2.32 ppm). The peaks associated with levulinic acid were not as distinct 
as those in the hydrolysis residue possibly as levulinate esters created slightly 
overlapping peaks in the spectra. A number of peaks associated with EG (or EG 
polymers) (δH ~ 3.5 ppm) were also found in high intensity in the solvolysis residue 
suggesting that EG was easily adsorbed and difficult to wash from the polymer. 
Additional anomeric peaks (δH = 3.7 to 4.0 ppm) possibly associated with glycosides 
and aromatic peaks (δH = 6.05 to 7.2 ppm) were also identified.  
Following solvolysis of cellulosic materials with EG, Yamada and co-workers 
[38] hydrolysed the solid residue in water with mineral acid catalyst and found 
levulinic acid was produced in small quantities suggesting that levulinates may be 
bonded rather than adsorbed to the residue.  
Integration of the proton NMR peaks and comparison to an internal standard 
estimates that levulinic acid comprises only 0.06% of the dissolved bagasse 
solvolysis residue. The molar ratios of the various products relative to levulinic acid 
are detailed in Table 5.6 with comparison to bagasse hydrolysis residue. Of note is 
the absence of formic acid, furfural and HMF adsorbed into the residue and the 
relatively high fatty acid content of the residue from EG solvolysis. Fatty acid 
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compounds were present in the hydrolysates following EG solvolysis suggesting they 
are precursors to the solid polymer residue. High fatty acid content would make the 
residue an attractive feedstock for production of hydrocarbon chemicals and fuels 
[39]. 
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Figure 5.16 Proton NMR spectra of residues – baseline corrected  
Table 5.6 Proton NMR relative intensity of compounds to levulinic acid in 
the residue 
Product  
Residue 
Levulinic 
acid 
Fatty 
acid 
Acetic 
acid 
Formic 
acid Furfural HMF MSA 
Bagasse (hydrolysis) 100 430.5 10.3 5.1 4.8 0.3 180.9 
Bagasse (solvolysis) 100 3084.1 17.7 n.d. n.d. n.d. 37.4 
n.d. – Not detected. 
Analysis of the solvolysis residue by HSQC (Appendix C - Figure C14) shows 
the absence of xylan structures that prevail in the residues from bagasse and sugars 
(see Section 4.3.6.2). This observation along with the reduction in furanic structures 
provides further credence that the EG co-solvent protects reactive carbonyl and 
hydroxyl groups and suppresses saccharide oligomerisation to influence the solid 
residue reaction pathway. Interestingly few structures attributed to lignin moieties 
were observed in the HSQC spectra (other than methoxyls [δC/δH: 55.6 ppm / 
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3.7 ppm]) suggesting that the lignin is more condensed in the solvolysis residue than 
hydrolysis residues which would also explain the lower solubility in DMSO. 
5.3.4.3 Thermogravimetric analysis 
Thermogravimetric analysis was conducted by monitoring material weight loss 
as a function of increasing temperature. Thermograms (TG) and their first derivatives 
with respect to temperature (DTG) for bagasse feed as well as solid residue 
remaining after bagasse solvolysis with and glycol are shown in Figure 5.17.  The 
bagasse sample TG shows a number of unresolved and overlapping peaks. Generally 
mass losses occur in distinct stages relating to various aspects of biomass 
decomposition [20]. Weight loss in the range 50-120 °C is typically associated with 
volatilisation of water while that due to low molecular weight compounds and other 
volatile organics and extractives occurs from 120-240 °C [40, 41]. Hemicellulose 
thermally degrades at 220-300 °C; cellulose thermally degrades at temperatures of 
240-350 °C and lignin degrades over a large temperature range, 280-500 °C [40, 42]. 
Thermal degradation of sugars generally occurs from their melting point (140-
150 °C) up to temperatures of ~300 °C [43]. 
The bagasse feed TG shows strong evidence of hemicellulose (shoulder at 
265 °C) and cellulose (peak at 363 °C).  Typical bagasse soda lignin exhibits a main 
peak of around 330-380 °C and a shoulder region at 400-500 °C [44]. The lignin 
shoulder peak is around 430 °C in Figure 5.17(i). The bagasse solvolysis residue 
shows no characteristic peaks associated with carbohydrates. However the residue 
(Figure 5.17(ii)) shows a single peak shifted significantly to the right (405 °C) 
compared to bagasse. The broadness of the peak may reflect a predominance of the 
ligneous type components which could comprise up to 60% of the residue (Section 
4.3.6).  
Thermograms of residues produced from the hydrolysis of bagasse and acid-
catalysed conversion of sugars (Appendix C - Figure C15) show a broad peak 
centred at 390 °C and 428 °C, respectively. The residue from sugars had lower 
oxygen content (Section 3.3.8.3) than residues from bagasse hydrolysis (Section 
4.3.6.3) leading to higher decomposition temperature. Also shown is a TG of soda 
lignin powder (Figure C14(c)) showing a main peak at 332 °C. The TGs of the solid 
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residues have similarities to the thermal behaviour exhibited by humic acids 
extracted from mineral coal [45]. 
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Figure 5.17 Thermal analysis of (i) bagasse feed, and (ii) bagasse solvolysis 
residue 
5.3.4.4 Elemental analysis 
Elemental composition of the solvolysis residue was typically 56.1% carbon 
and 4.7% hydrogen (39.2% oxygen) which is similar to the acid hydrolysis bagasse 
residues (see Section 4.3.6.3) but more deoxygenated than the residue produced from 
(i) (ii) 
(ii) 
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the liquefaction of bagasse with EG under atmospheric conditions and 0.5 M sulfuric 
acid, 190 °C for 2 h (C: 50.2, H: 5.5, O: 43.9) [15].  The solvolysis residue has a 
calorific heating value of ~21 MJ/kg, which is higher than the bagasse feed material 
(18 MJ/kg) and as such would be a useful feed replacement in combustion boilers 
5.4 PRODUCT RECOVERY  
The acid-catalysed conversion of bagasse with EG produced a number of 
organic acids, esters and furanic compounds. The product yields were based on the 
quantitation of products present in the hydrolysate. However, some of these products 
are unstable under acidic aqueous conditions. Liquid-liquid extraction was briefly 
investigated to examine the recovery of esters and fate of EG from aqueous 
solutions. 
A synthetic hydrolysate (Synth) was prepared containing MSA, levulinic acid 
and EG. Mixtures containing levulinic acid and EG esters of levulinic acid were also 
prepared.  The mixtures were synthesised with EG to levulinic acid in molar ratios of 
5:1 (Test A) and 1:5 (Test C) as detailed in Section 5.2.2.2. The mixtures were 
diluted and the composition determined by NMR as shown in Table 5.7.  
Table 5.7 Hydrolysate composition  
Sample 
Concentration in aqueous feed (g/L) 
Levulinic acid 
(LA) 
EG-mono-levulinate  
(M-LA) 
EG-di-levulinate 
(Di-LA) 
EG MSA 
Synth 51.0 - - 329.2 50.2 
Test A 41.1 42.0 5.9 259.7 1.8 
Test C 114.5 - 37.6 - 3.2 
 
5.4.1 Liquid-liquid extraction 
The partitioning of EG was examined and impact on levulinic acid extraction 
with results presented in Table 5.8. The addition of EG mostly did not affect the 
extraction of levulinic acid when compared with no EG co-solvent (see Section 
4.4.1) although MTHF showed a small decrease in extraction efficiency. A small but 
not insignificant amount of EG (5-6%) was extracted into the organic phase for 
MIBK, MTHF and EthAc. Slightly larger amounts of EG were extracted into SBP 
(~10%) and much larger amounts of EG (>30%) were extracted into butanol organic 
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phase. The addition of EG increased the miscibility of butanol and water such that 
phase separation could only be achieved with the addition of salt. In an industrial 
environment, the presence of salts can introduce additional requirements for post-
reaction processing of the salt-saturated aqueous phase [46]. 
Table 5.8 also shows the efficiency for MIBK and MTHF solvents (2:1 
extraction solvent to hydrolysate volumetric ratio) for the extraction of levulinic acid 
esters. MTHF provided higher extraction of levulinic acid (65-75%) and esters (70-
85%) compared to MIBK. Both solvents showed better extraction efficiency of the 
EG esters of levulinic acid than levulinic acid. The less polar EG-di-levulinate was 
most readily extracted (>80% for MTHF). The presence of large amounts of EG in 
Test A reduced the extraction efficiency of levulinic compounds.  
Table 5.8 Solvent extraction of glycol esters of levulinic acid 
Sample Solvent 
Solvent to 
hydrolysate 
ratio 
Product in organic phase (wt%) 
Component in 
aqueous phase 
(wt%) 
Levulinic 
acid    
EG-mono-
levulinate 
EG-di-
levulinate Solvent EG 
Synth MIBK 1:1 44.7 - - 1.4 93.7 
Synth MTHF 1:1 55.4 - - 9.6 94.3 
Synth Butanolb 1:1 73.6 - - 6.6 57.1 
Synth Butanola 1:1 65.5 - - 6.0 66.8 
Synth EthAc 1:1 49.0 - - 1.2 94.1 
Synth SBP* 1:1 73.5 - - n.d. 89.7 
Test B MIBK 2:1 39.4 43.6 n.d. 2.2 91.5 
Test B MTHF 2:1 63.8 68.0 82.2 8.0 90.8 
Test C MIBK 2:1 61.5 - 72.2 2.0 - 
Test C MTHF 2:1 74.4 - 84.1 9.7 - 
* Extraction undertaken at 80 °C, a 0.2M NaCl added to solution, b 0.2M (NH4)2SO4 added to solution. 
n.d. – Not detected.  
5.4.2 Ethylene glycol reaction 
An important aspect in any solvent based reaction system is the fate of the 
solvent and ability to recycle the solvent. Solvent recovery can prove to be an issue if 
high solvent ratios are used [4, 5]. In this chapter EG was utilised as a co-solvent to 
improve the product yield during the acid-catalysed conversion of bagasse.  Ethylene 
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glycol is known to react under acidic conditions. Common EG degradation products 
identified in other studies include linear polymers (diethylene glycol, triethylene 
glycol and PEGs), 2-methyl-1,3-dioxane and 1,4-dioxane [14, 15]. Ethylene glycol 
could also dehydrate to acetaldehyde [47] with further conversion to acetic acid. These 
degradation pathways are detailed in Scheme 5.8. 
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Scheme 5.8 Ethylene glycol degradation pathways   
Reactions were conducted with 50% (v/v) EG co-solvent and 0.5 M MSA 
catalyst reacted at 180 °C for 40 min to measure the levels of degradation products. 
Proton NMR spectra are shown in Figure 5.18 and show the predominant EG peak 
(δH = 3.51 ppm) with 13C satellites generated due to the high concentration of EG. 
The main degradation product was diethylene glycol (triplets at δH = 3.49 and 
3.59 ppm) with some overlap of the EG peak. Under the reaction conditions, 
integration of the peaks shows ~10% of the EG co-solvent was converted to 
diethylene glycol. No appreciable level of acetic acid is identified. Small amounts of 
triethylene glycol or dioxanes may have been produced but peaks for these 
compounds fall under EG and diethylene glycol so differentiation using proton NMR 
could not be determined. Another test under the same reaction conditions but with 
0.1 M MSA showed ~2% of the EG co-solvent was converted to diethylene glycol.  
While appreciable levels of acetic acid were quantified in the solvolysis 
hydrolysates (see Section 5.3.3), acetic acid can be produced from the acetyl content 
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of hemicellulose components of bagasse or as a decomposition product formed from 
organic acids. The amount of acetic acid (measured by HPLC) was less in the 
hydrolysates using EG than the reference hydrolysate without EG solvent. This may 
be because some of the acetic acid was esterified to glycol acetates. The GC-MS 
analyses of the EG solvolysis reaction mixtures identified small amounts of 2-
methyl-1,3-dioxane and 1,4-dioxane as well as diethylene glycol and triethylene 
glycol. 
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Figure 5.18 Proton NMR spectra of EG degradation 
Lower solvolysis temperatures (<180 °C) were not investigated in this work 
but may reduce the amount of EG polymerisation. Alternatively if the EG solvent is 
to be recycled, strategies may need to be devised to separate the EG polymers that 
could be used for a different application. While significant amounts of EG are 
polymerised to diethylene glycol in the solvolysis reaction, recycling the solvent 
mixture will likely still function in a similar manner to EG.  However, there exists 
the possibility that the polymerised EG solvent will form esters with levulinic acid 
and increase the product diversity. Although this may not be disadvantageous if the 
functionality of the final glycol levulinate product is similar and will depend on the 
application for the final product.  
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Solvolysis studies of bagasse using recycled solvent have not been investigated 
in this work. 
5.5 CONCLUSIONS 
The use of an organic solvent such as EG has been shown to improve the 
product carbon yield and reduce the formation of insoluble polymers in the acid-
catalysed reaction of carbohydrates. This is achieved through esterification reactions 
which protect reactive carboxyl groups of the reactant and intermediates to suppress 
side reactions that lead to insoluble polymer formation. The resulting polymer 
residue was very condensed, adsorbed reasonable amounts of glycol and had high 
fatty acid content relative to bagasse hydrolysis residues. 
The yield of levulinate was increased by up to 20% with 50% (v/v) EG co-
solvent compared to hydrolysis of bagasse with no EG co-solvent. Solvolysis of soda 
low lignin pulp achieved the highest yields of levulinate at 80.9 mol% which is 
slightly higher than the optimised yields of levulinic acid under hydrolysis conditions 
reported in Chapter 4. Significantly greater amounts of formic acid are produced 
under solvolysis reactions compared to the hydrolysis of bagasse indicating 
additional reaction pathways to formic acid with EG. High furfural yields of 80% 
could be achieved under mild conditions but furfural readily decomposed in the 
presence of EG. Lower furfural yields were achieved from soda low lignin pulp. 
In the solvolysis of bagasse, a number of levulinate compounds were produced 
from different reaction pathways. These included levulinic acid, EG-mono-levulinate 
and an unknown but likely levulinate-based compound. In aqueous conditions the 
ester and organic acid products are present in equilibrium. This highlights the 
importance of product extraction and recovery strategies that are employed following 
reaction. The solvent extraction results show that EG esters of levulinic acid are 
more readily extracted by liquid-liquid extraction than levulinic acid itself. Ethylene 
glycol did partition into the extraction solvent which will impact on solvent recovery 
and processing costs in industrial practices.  
Loss of EG is a concern under the reaction conditions tested in this work. The 
main EG reaction product was diethylene glycol which is expected to behave in a 
similar manner to EG in solvolysis reactions. It is likely EG polymers will also form 
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esters with levulinic acid and increase product complexity.  Strategies will need to be 
devised to address this issue.  
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Chapter 6: Summary and Conclusions 
The Australian sugar industry has large amounts of available bagasse. 
Therefore, the present study was aimed at developing an environmentally friendly 
and effective solvolysis process for the production of levulinic acid, furfural and 
other chemicals from bagasse. The study is motivated by the desire to increase the 
value of a low-value fibrous material obtained from sugar manufacturing.  
The most important economic drivers for biomass conversion technologies are 
high product yields, reduced energy costs and reduced wastes and their associated 
treatment costs [1]. Other considerations are reaction rates and product concentration 
as these factors impact on equipment size and operating costs. A final consideration 
is the cost of materials of construction and chemicals.  
The main results and key findings obtained in this study are summarised 
below. 
6.1 SUMMARY AND KEY FINDINGS 
A critical review of current technology for levulinic acid and furfural 
production was undertaken in Chapter 2. Levulinic acid was at one time produced by 
the acid hydrolysis of sucrose or starch with concentrated mineral acids but is now 
typically produced from the hydrolysis of furfuryl alcohol. The only attempted semi-
commercial concomitant production of levulinic acid and furfural from cellulosic 
feedstocks is based on the Biofine process which claims to produce yields of 70-
80 mol% of both products [2]. The major drawbacks of the Biofine process include 
corrosion issues associated with the use of mineral acid catalysts, lack of effective 
separation and recovery strategies for levulinic acid and inability to process high 
lignin content biomass. 
6.1.1 Hydrolysis studies 
In Chapter 3 the production of levulinic acid and furfural was investigated in a 
systematic manner from glucose, xylose and glucose and xylose mixtures to address 
the first research objective.  
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Objective 1 - Examine the conversion of glucose and xylose mixtures using 
sulfonic acid catalysts for the production of levulinic acid and furfural and 
evaluate the extent of polymer residue formation.  
Screening trials of a number sulfonic acid catalysts found that these strong 
organic acids showed similar selectivity to sulfuric acid for the conversion of 
glucose/xylose mixtures to levulinic acid and furfural. Of the sulfonic acids tested, 
MSA has the greenest credentials in terms of being more readily biodegradable and 
less corrosive; it is also more thermally stable and produced the highest furfural 
yields under similar reaction conditions. Organic acids offer benefits in reduced 
equipment costs resulting from lower corrosivity. However, processes where the acid 
is recycled leads to loss and so catalyst cost is always a factor that needs to be 
weighed against savings in capital costs. It is acknowledged that heterogeneous 
catalysts offer greater cost savings in terms of reducing corrosion and simplifying 
catalyst recycling but suffer from low product yields and inability to operate 
effectively at high biomass loading.  
An often overlooked step in the development of biomass conversion 
technologies is the systematic evaluation of feed component interactions.  Typically 
hydrolysis systems are tested on model compounds like monomeric sugars (e.g., 
glucose) before extension to simple polymers (e.g., cellulose) and finally to more 
complicated polymers (e.g., lignocellulosics).  The interactive effects of glucose and 
xylose through investigation of different ratios of glucose and xylose were examined 
in the present work for the first time and their influence on product yields and 
polymer formation evaluated. 
Fast heating rate allows optimal yields of levulinic acid (and furfural) to be 
achieved at relatively short reaction times.  High yields of levulinic acid can be 
achieved across a range of variables as long as two out of the three conditions are 
met: high acid catalyst concentration, long reaction time or high temperature. This is 
because levulinic acid is relatively stable once formed. The highest furfural yields are 
achieved under dilute feed concentrations as furfural degradation is enhanced under 
higher reactant loading. When the levulinic acid yield is high, that of furfural is low 
and vice versa so a two-stage process should be used to maximise the yields of both 
products.  
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Examination of the solid residues provides insight into their formation under 
different reaction conditions to enable strategies to be employed to reduce polymer 
formation and increase product yields. High reaction temperatures coupled with long 
reaction times decreased product yield but increased polymer residue formation. The 
solid residue was high in aromatic, oligomeric and carboxylic acid content.  
Biomass is expected to behave very differently from the aqueous monomeric 
solutions during acid hydrolysis, though the information obtained from the latter 
provides valuable knowledge in understanding biomass reactivity. In Chapter 4 acid 
hydrolysis of bagasse with MSA was investigated to address the second research 
objective. 
Objective 2 - Study the hydrolysis of sugarcane bagasse using methanesulfonic 
acid. Examine the effect of pre-treatment, biomass composition, and particle 
size on product yield. 
In the literature, there has been limited work reported on the use of sulfonic 
acids for the production of levulinic acid from biomass, and even less for furfural 
production. Bagasse samples from various types of pre-treatments were examined 
and it was found that while lignin and ash content can consume a small fraction of 
the acid catalyst, the impact on product yields was not significant. Higher yields of 
products (>75 mol% levulinic acid and >85 mol% furfural) were obtained with 
bagasse than were obtained from monosaccharide solutions (60-65 mol% levulinic 
acid and furfural). The high yields may be due to the rate simple sugars are produced 
in-situ within the acidic reactive medium. This provides a high acid catalyst to low 
soluble sugar concentration ratio, at any one time, conditions which result in high 
product yields.   
The highest product yield was achieved with bagasse that had undergone 
alkaline pre-treatment to reduce lignin content. This pre-treated bagasse also 
produced a relatively low amount of solid residue due to the low lignin content. 
Bagasse particle size had limited impact on product yields.  
It is noted that acid hydrolysis should be carried out at high feed loadings to 
keep energy and processing costs as low as possible [3]. However, limited feed 
loading was examined in this work due to the type of reactor used in this study. 
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6.1.2 Solvolysis studies 
Screening trials were conducted on glucose/xylose mixtures with simple 
alcohols and polyols as co-solvents. These solvents are known to improve the 
dissolution of lignocellulosics by disrupting hydrogen bonding [4, 5]. These 
improvements enhance the effectiveness of the catalyst in the conversion process [6]. 
As EG solvent produced the highest levulinic acid yield compared to either the other 
co-solvents or no co-solvent, EG was selected for detailed investigation of the 
solvolysis of bagasse. In Chapter 5 the production of levulinic acid and furfural from 
bagasse with EG solvent was examined to address the third research objective.   
Objective 3 - Investigate the impact of using glycols as co-solvents for the acid-
catalysed conversion of sugarcane bagasse to levulinic acid and furfural. 
The EG solvent performs the role of protecting the reactive carboxyl groups of 
the products and reactants thereby suppressing side reactions that lead to insoluble 
polymer formation. As such, EG was shown to improve the product carbon yield 
compared to hydrolysis of bagasse with no EG as co-solvent. Levulinate yields of 
>80 mol% were achieved with pre-treated bagasse which is higher than the optimised 
yields of levulinic acid achieved under hydrolysis conditions. Significantly greater 
amounts of formic acid were also produced under solvolysis reactions with EG 
compared to hydrolysis reactions. High furfural yields of 80% could be achieved 
under mild conditions, but furfural was readily converted in the presence of EG.  
In the solvolysis of bagasse with EG, levulinic acid, EG-mono-levulinate and 
an unknown, but most likely levulinate-based compound are produced. Reaction of 
levulinic acid with EG also showed the formation of cyclic ketal levulinates.  
The semi-commercial production of levulinic ester ketals consists of a three-
step process: acid hydrolysis of biomass to levulinic acid; esterification of the 
carboxylic acid functional group; ketalisation of the ketone functional group with 
glycerol [7]. The reaction system investigated in this work produces a range of glycol 
levulinates and ketals in a single reactor. This could provide economic advantages 
compared to the three stage production of glycerol ketal levulinates if the glycol 
products have similar functionality. The functionality of the glycol esters produced 
has not been assessed in this work.  
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In aqueous conditions the ketal, ester and organic acid products are present in 
equilibrium, highlighting the importance of product extraction and recovery 
strategies employed following reaction. In a previous study, it has been shown that 
esterification of organic acids with polyols and subsequent crystallisation is an 
effective method to extract keto-carboxylic esters. The latter can be hydrolysed to 
keto-carboxylic acid in high purity after the removal of polyol [8]. Organic acid 
glycol esters can also readily undergo trans-esterification reactions [9], offering 
promise in developing extraction strategies based on reactive distillation [10]. These 
methods can, in principle be used for the production of levulinic acid derivatives. 
More traditional extraction methods such as vacuum distillation and solvent 
extraction should also be considered.  
6.1.3 Recovery studies 
Solvent extraction offers a means to quickly and efficiently separate unstable 
products from acidic aqueous solutions. In Chapter 4 and Chapter 5 the extraction 
and recovery of typical products from hydrolysate mixtures was examined with 
selected solvents to address the fourth research objective.   
Objective 4 - Investigate extraction processes for levulinic acid recovery.   
Extraction efficiency depended on solvent type and solvent to hydrolysate 
ratio. High extraction of furfural and low extraction of organic acid was achieved 
unless large amounts of solvent are used. Of the solvents tested, SBP and MTHF 
were able to recover >60% of levulinic acid and >90% furfural using an extraction 
solvent to hydrolysate volumetric ratio of 1:1. The results also showed that EG esters 
of levulinic acid are more readily extracted than levulinic acid itself suggesting 
targeted production of esters will help improve the recovery of levulinic acid. 
The extraction solvents showed almost complete exclusion of MSA and EG 
which would allow the catalyst and co-solvent to be easily recycled to minimise 
chemical costs in a commercial process.  
The choice of a suitable extraction solvent involves evaluation not only of its 
ability to achieve high partitioning of target products and low partitioning of the acid 
catalyst (and co-solvent), but also its solubility in an aqueous system and boiling 
point. These properties will impact on solvent recovery and processing costs in 
industrial plant. While the best extraction was achieved with SBP it exhibited much 
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lower extraction efficiency of formic acid and acetic acid and its high boiling point 
(227 °C) would make further separation of levulinic acid (boiling point of 245 °C) 
difficult and expensive. This is why SBP is proposed as part of a larger biorefinery 
strategy to allow the in-situ conversion of levulinic acid in a reactive extraction 
strategy. The lower boiling point of MTHF (80 °C) would reduce energy 
requirements associated with solvent recycle, but its solubility in water (6-9%) would 
require additional processing to avoid excess solvent losses. The low extraction of 
organic acids would necessitate a multi-stage recovery process to accomplish high 
yields of levulinic acid while minimising solvent usage. 
6.1.4 Conceptual sugarcane fibre biorefinery 
Vast interest in levulinic acid applications has led to the realization of a 
number of viable processes for its production from lignocellulosics [11]. Including 
furfural and other chemicals (i.e., formic and acetic acid) with levulinic acid 
production in high yields is particularly vital to achieve effective conversion of the 
entire lignocellulosic biomass.  
Laboratory investigation of the hydrolysis of sugars and cellulosic feedstocks 
with MSA provided details of the processing parameters required to achieve 
optimum product yields. Integration of the plant with the existing utilities of a sugar 
factory, such as heating, supplied from steam produced in boilers ranging from 
~1800 kPa up to 6500 kPa would reduce costs. This is because heat integration and 
thermal efficiency play an important role in process design [12]. Energy efficiency is 
typically high for hydrothermal processes with 75% thermal efficiency achieved in a 
commercial-scale process which also required just 2% of the input material’s energy 
content to meet its heat demands [13]. 
The analyses of the solid residues suggest that the lower the xylose to glucose 
ratio, the lower the solid residue content. Reducing the solid residue is important to 
maximise product yields. So, if the feedstock is a lignocellulosic material such as 
bagasse, a two-step process similar to the Biofine process where furfural is initially 
produced under mild acid conditions prior to the production of levulinic acid is a 
preferred option to pursue. To this end, reactors with adequately fast heating rates (as 
has been shown in this research) should be employed as slow heating rates can 
promote unwanted side reactions and reduce yields of target products. For industrial 
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application, continuous reactors such as those utilised by the Biofine process are able 
to achieve these fast heating rates. Flashing the first reaction mixture to remove 
furfural and acetic acid would have the benefit of increasing the catalyst 
concentration for the second reactor and reduce undesirable side reactions [14]. 
Alternatively, the biomass could be pre-treated to remove hemicellulose prior to 
conversion of cellulose to levulinic acid. Pre-treatments that preferentially remove 
hemicellulose compared to lignin and cellulose include dilute acid, hot compressed 
water (HCW) and steam explosion methods [15]. In this situation, hemicellulose can 
be converted to xylitol, furfural or organic acids such as lactic acid via fermentation 
or by chemo-catalytic approaches [16]. Both approaches are shown schematically in 
Scheme 6.1.  
The second reactor stage can be employed as a hydrolysis reactor similar to the 
Biofine process or as a solvolysis reactor utilising an organic co-solvent such as EG 
(Scheme 6.1). Following separation of the solid materials produced in the second 
reactor, products, catalysts and the EG reaction solvent can be recovered via solvent 
extraction, vacuum distillation or other methods [2]. Levulinic acid can be upgraded 
by various processing technologies, with the most common being (i) esterification; 
(ii) ketalisation and (iii) catalytic transfer hydrogenation to γ-valerolactone and 
MTHF. Formic acid can be used as the hydrogen source for transfer hydrogenation. 
The solvolysis of bagasse produces a hydrolysate mixture which is rich in organic 
esters and acids and may prove to be useful as a feed material for the production of 
polymers [17]. Alternatively the hydrolysate mixture could be upgraded to alkanes 
through catalytic liquefaction processes or other upgrading reactions [18]. In this 
scenario, product recovery is not required. 
The EG solvent system was shown to improve product yields, but, there 
remains a compromise between cost of the solvent and process yields, although 
solvent costs can be mostly mitigated through recovery and recycling strategies.  
Under the process conditions employed in this work, EG is prone to decomposition 
and polymerisation with up to 10% EG converted according to analytical results. The 
main EG reaction product was diethylene glycol which is expected to behave in a 
similar manner to EG in solvolysis reactions. It is likely EG polymers will also form 
esters with levulinic acid and increase product complexity. However, these products 
can be recovered from the hydrolysate stream similar to levulinic acid.   
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Scheme 6.1 Conceptual lignocellulosic biomass biorefinery process 
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The EG solvent and catalyst mixture after product recovery is likely to include 
contaminants such as EG reaction products (i.e., oligomers), soluble lignin moieties 
and EG-glycosides and xylosides from the partial conversion of carbohydrates [19, 20]. 
The EG-glucosides and xylosides would be converted if the solvent is recycled, 
whereas the other contaminants may build up over time and reduce the effectiveness 
of the solvent [19, 20]. The EG solvent can potentially be reused several times with 
minor impact on processing before solvent clean up is required.  Generally lignin 
with large molecular weight precipitates from solution with addition of water [21] and 
smaller lignin compounds can be removed by adsorption with activated carbon [22]. 
The hydrolysate could also be processed by size exclusion chromatography to 
separate the free solvent (EG) from its oligomer [20]. 
In recently reported research, aqueous glycol solutions have been reformed into 
hydrogen over platinum based catalysts under moderate temperatures (<250 °C) [23] 
and process intensification has been achieved through application of micro-reactor 
technology [24]. This strategy is similar to that used for waste glycerol solutions [25]. 
These options allow valorisation of the waste glycol streams and the hydrogen 
produced can be used in upgrading products as identified in Scheme 6.1. 
The acid-catalysed conversion of bagasse produces a number of aqueous 
products (organic acids, esters and furanics) as well as an insoluble polymeric 
material. While there is significant research effort being employed in understanding 
the mechanisms of formation of these polymeric solid compounds in which to 
develop strategies for preventing or minimising their formation, the solid material 
also has value as a product. The solid residue has a number of potential uses 
including soil conditioner [2], functionalised carbon material [26] for heterogeneous 
catalysis [27], gasification feed for Syngas production [2] or steam reforming for 
hydrogen production [28]. More recently liquefaction of biomass derived humic 
materials has been shown to produce a better fuel product compared to the original 
biomass [29], possibly due to the fact that humification deoxygenates the biomass.  
However, the most common application for the solid residue would be as 
combustion feed material [2]. The elemental analysis has shown that the residue has 
much lower oxygen and hydrogen and higher carbon content relative to the feed 
material. The heating value of the residue was 22 MJ/kg (c.f. 18 MJ/kg for bagasse) 
implying that it is a suitable source of fuel. Harsher reaction conditions lead to 
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increased levels of deoxygenation which increase the heating value of the residue. 
Importantly, little sulfur (<0.3 wt%) from the catalyst was detected in the solid 
residues. However, in a biorefinery scheme the residue may require conditioning to 
remove sulfur and acidic residues prior to combustion. Neutralization of the residue 
with lime increases chemical costs associated with the process and will produce salts 
which can have deleterious effects in combustion boilers.  As such, treatment with 
ammonia (additional chemical costs) or a simple two stage washing and filtration 
(produces additional water that may require further treatment) are two methods that 
can provide adequate conditioning of the solid residue [30]. 
The examination of an overall conceptual process design in the above section 
addresses the final research objective. 
Objective 5 - Design an overall process for the production of organic 
chemicals such as levulinic acid that can be integrated into a sugar factory or 
biorefinery. 
6.1.4.1 Preliminary economic estimates 
A simple estimate on the amount of product that can be obtained from one 
tonne of bagasse using a two-stage acid hydrolysis technology is shown in Table 6.1. 
These data are based on bagasse composition given in Table 4.1, best practice yields 
achieved in this work for levulinic acid and formic acid (65 mol% - see Section 
4.3.2.1), furfural (85 mol% - see Section 4.3.2.2) and typical acetic acid yields 
(8.5 wt% - see Section 4.3.2.3) and 95% recovery of product from the hydrolysate. 
Table 6.1 also provides estimates of the value of bagasse [31] and hydrolysis products 
that can be obtained from the acid hydrolysis of bagasse carbohydrates [32].  
Process economics [33] given for the Biofine process5 were applied for the 
following biorefinery case assumptions: 
 Processing 200 dry tonnes of bagasse per day at 87.5% plant efficiency. 
 Bagasse feed value of $100 per dry tonne ($6.4M per annum). 
                                                 
 
5 The Biofine technology commercialization report [35] based on waste paper sludge having much 
higher cellulose content than bagasse and resulting in 50% higher yields of levulinic acid. Operating 
and capital costs were inflated by 6% p.a. from this report. 
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 Plant operating costs (catalyst, chemicals, utilities, labour, maintenance and 
overheads) of $18M.  
 Capital costs of $66M. 
 Discount rate of 15 % and 10 year analysis period. 
In this scenario, feedstock costs account for ~26% of the production costs. This 
compares favourably with cellulosic ethanol technology where feedstock costs 
account for 33% of the production costs, but commercial commodity products 
feedstock costs can represent 70-80% of the final product cost [34]. Indeed a bagasse 
cost of $100 per dry tonne is considered quite substantial if the biorefinery was co-
located with a sugar factory minimising collection and transport costs. Given the 
higher heating value of solid residue compared to the bagasse feed, the combustion 
of dried solid residue will yield more energy than combustion of the feed at its initial 
50% moisture content [2]. Therefore if the solid residue was used as combustion fuel 
in a co-located boiler for the production of steam and electricity, utility costs (heating 
and electricity) would be minimised. This could substantially reduce the bagasse 
value cost to the sugar factory by substituting the solid residue for the bagasse that 
would otherwise be used in boilers.  
Table 6.1 Value of products derived from bagasse carbohydrates [32] 
Compound Yield / Amount Value 
Bagasse 
- Cellulose 
- Hemicellulose 
1000 kg 
43.0 wt% 
19.1 wt% 
$100 /t 
 
 
Hydrolysis products   
Levulinic acid / esters yield 
- Amount of product 
65.0 mol%* 
190.1 kg 
$2,000 /t 
$380 
Furfural 
- Amount of product 
85.0 mol%** 
112.1 kg 
$1,500 /t 
$168 
Formic acid 
- Amount of product 
65.0 mol%* 
75.4 kg 
$900 /t 
$68 
Acetic acid 
- Amount of product  
8.5 wt% 
85.0 kg 
$900 /t 
$77 
Total products 462.6 kg $693 
* Based on conversion of cellulose. ** Based on conversion of hemicellulose. 
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Figure 6.1 illustrates the utilisation of bagasse based on mass yields and value 
of the products. In the given scenario $693 worth of total products are obtained from 
1 t dry bagasse ($100) representing a high value addition of ~7:1 to the low value 
feed. The value of levulinic acid product ($380) is ~55% of the value of total 
products in Table 6.1 (and Figure 6.1) showing the additional value that can be 
obtained from a biorefinery process producing multiple products in high yield and 
value. Levulinic acid is considered to be a more versatile platform chemical to 
furfural (and of higher value), so the priority or strategy should be to target high 
levulinic acid yields. 
Levulinic 
acid, 
190.1
Furfural, 
112.1
Formic 
acid, 
75.4
Acetic 
acid, 85
kg
kg
kg
kg
    
Levulinic 
acid, 
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Formic 
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$68
Acetic 
acid, 
$77
 
 
          (i)             (ii) 
Figure 6.1 Product mass (i) and value (ii) from one tonne of dry bagasse 
Using the product values detailed in Table 6.1, financial analysis provides a 
discounted internal rate of return at 27.4% and net present value of around $33M for 
the concept.  Production costs (feedstock plus plant operating costs) are calculated at 
~$2000 per tonne of levulinic acid in the above scenario (i.e., if levulinic acid is the 
only saleable product).  These values highlight the importance of developing 
integrated production strategies to co-produce levulinic acid with other valuable 
chemicals. For comparison, economic analysis of the Biofine process which assumes 
negative value cellulosic feedstocks (wastes) are indicates production costs at ~$600 
per tonne of levulinic acid when processing 200 t dry cellulose pulp per day [33]. 
However, it was also shown that production costs can be reduced by half (capital 
costs increase by 250%) through expanding production to >1000 t biomass/day [33]. 
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6.2 FUTURE WORK 
One of the findings of the present study was the importance of fast heating 
rates to achieve high yields and minimise side reactions. While fast heating rates 
could be achieved with the small glass ampoules employed in the study, scaling to 
industrial sizes will be problematic. To keep energy and processing costs low, it is 
vital that the process is capable of handling high solid loadings.  Therefore, extension 
of hydrolysis and solvolysis testing to larger reactors designed to function with rapid 
heating rates volumes should be undertaken at laboratory and pilot scale. The data 
should then be used with simple input-output analyses or more detailed simulation 
and flow sheet (mass and heat transfer) modelling to allow a thorough evaluation of 
an industrial process. This will lead to the development of an economical, efficient 
and environmentally friendly process for the production of levulinic acid (and other 
chemicals) from bagasse and other biomass. 
The major contribution to knowledge obtained from the present study 
surrounds the EG solvolysis of biomass as a system for producing valuable chemical 
products from biomass.  The following recommendations are made for future work to 
improve the understanding of the EG solvolysis process and to allow comparison to 
existing technologies such as the Biofine process.  
1. Further investigation of reaction conditions should be undertaken on 
sugars and bagasse with EG and MSA as catalyst to determine the optimal 
conditions for maximising various product yields. Solvolysis at lower 
temperatures than those used in the present study may help reduce self EG 
conversion reactions.  
2. Study the toxicity of EG degradation products obtained from the solvolysis 
process.  
3. The research highlighted the unstable nature of EG-ester and ketal 
products formed during solvolysis. To this end, more research on 
developing analytical techniques for quantifying ketals and esters of 
levulinic acid, formic acid and acetic acid should be conducted.  This may 
involve the use of mixed-mode liquid chromatography (combining 
hydrophobic and anion-exchange characteristics) or in combination with 
gas chromatography techniques.  
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4. Study the chemical and physical properties of glycol esters of levulinic 
acid (and formic and acetic acid) to identify potential applications.  These 
products may turn out to be more valuable than levulinic acid itself, 
similar to glycol acetate esters [34]. 
5. In the present study, solvent extraction of glycol esters has been conducted 
on synthetic solutions but this should be extended to test solutions. Other 
product recovery strategies should also be examined. One such example, is 
deep eutectic solvents such as ethaline (made from EG and choline) which 
have been shown to extract and recover esters in high purity and efficiency 
[35].  
6. Glycerol and ethanol were only briefly compared as reaction co-solvents to 
EG in the conversion of simple sugar mixtures. While EG has shown 
benefits in the solvolysis of bagasse, additional testing should be 
conducted on other biomass sources as well as comparing to other alcohol 
and polyol solvents. One of the disadvantages of EG is solvent loss due to 
polymerisation and condensation (or degradation). Other polyol or similar 
glycol solvents (i.e., propanediol) may be less susceptible to 
polymerisation/condensation. The use of an end-capped polyethylene 
glycol PEG was found to be surprisingly efficient in improving levulinic 
acid production from cellulose as it eliminates the formation of PEG-
glucosides which can form PEG-HMF ethers or PEG-levulinate esters [36]. 
As an example, EG dimethyl ether was also used to produce high yields of 
HMF (>70 mol%) from fructose with low acid catalyst concentration [37]. 
7. While homogeneous sulfonic acids were shown to be a suitable non-
corrosive catalyst for biomass conversion, recovery limitations will always 
be present in aqueous systems. Heterogeneous catalysts offer greater 
potential for application due to their simple and energy efficient 
separation, but require development to overcome limitations in yield, 
selectivity and catalyst life. Development to improve properties may 
include catalysts of type such as macro-reticula sulfonated ion-exchange 
resin and tungstated zirconia and zeolite.  Heterogeneous catalysts should 
be investigated with solvent systems for the conversion of biomass into 
levulinate and furanic products.  
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Figure A1.  FTIR spectra of HMF, furfural and levulinic acid 
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Figure A2.  COSY NMR spectrum of mixtures residue  
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Figure A3.  HSQC NMR spectrum of mixtures residue 
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Figure A4.  HMBC NMR spectrum of mixtures residue 
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Figure A5.  Stacked 1D DOSY NMR spectrum of mixtures residue 
 
Figure A6.  Processed DOSY NMR spectrum of mixtures residue 
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Table A1.  Conversion of glucose with MSA 
Run Catalyst (M) 
Glucose 
(M) 
Temp. 
(ºC) 
Reaction 
time (min) 
Furfural 
(mol%) 
Formic acid 
(mol%) 
Levulinic 
acid (mol%) 
Solids 
(wt%) 
- None 0.100 180 30 0.06 n.d. n.d. n.a. 
- None 0.100 200 30 1.02 n.d. n.d. n.a.
1# 0.260 0.100 160 15 0.09 9.25 7.62 n.a.
2 0.521 0.100 160 15 0.43 24.62 21.08 n.a.
3 0.521 0.100 160 15 0.27 19.98 17.96 n.a.
4 0.260 0.222 160 30 0.41 29.10 21.40 n.a.
5 0.250 0.100 160 60 n.d. 39.50 41.53 2.3
6 0.260 0.100 160 60 0.19 45.28 36.28 n.a.
7# 0.260 0.100 180 8 0.81 26.97 24.37 5.6
8 0.260 0.050 180 15 0.69 53.22 42.93 n.a.
9 0.500 0.100 180 15 n.d. 59.92 63.13 8.8
10* 0.521 0.050 180 15 1.78 64.24 44.02 n.a.
11 0.521 0.100 180 15 1.44 55.96 42.79 n.a.
12 0.781 0.100 180 15 1.06 71.51 54.90 n.a.
13 0.104 0.050 180 30 0.86 29.03 26.23 0.3
14 0.104 0.222 180 30 0.78 44.35 33.60 n.a.
15 0.260 0.050 180 30 0.37 70.22 51.82 n.a.
16 0.260 0.100 180 30 0.34 51.83 39.54 n.a.
17 0.260 0.222 180 30 0.52 58.74 47.46 n.a.
18 0.521 0.050 180 30 1.44 75.54 57.40 n.a.
19 0.521 0.100 180 30 0.03 63.24 54.73 n.a.
20 0.521 0.100 180 30 0.62 62.44 58.75 6.5
21 0.521 0.100 180 30 0.65 62.29 58.35 n.a.
22 0.521 0.222 180 30 0.50 67.32 55.65 n.a.
23 0.781 0.100 180 30 0.61 70.59 53.56 n.a.
24# 0.250 0.400 180 30 n.d. 59.67 61.73 17.4
25 0.521 0.100 180 45 0.66 63.03 60.60 n.a.
26 0.104 0.100 180 60 0.98 45.34 41.93 n.a.
27 0.260 0.100 180 60 0.65 64.65 60.28 3.3
28 0.521 0.100 180 60 n.d. 70.52 57.73 n.a.
29 0.298 0.050 200 8 1.62 64.91 57.08 14.3
30# 0.250 0.100 200 8 n.d. 60.46 60.94 9.2
31 0.260 0.100 200 15 0.70 53.72 45.59 n.a.
32 0.521 0.050 200 15 n.d. 55.39 45.20 n.a.
33 0.521 0.100 200 15 n.d. 53.96 47.39 n.a.
34 0.260 0.100 200 30 n.d. 67.00 55.04 n.a.
35 0.260 0.100 200 30 n.d. 54.91 46.53 n.a.
* 30 mL glass ampoule reactor.   # Not used in regression analysis.  
n.d. – Not detected.    n.a. – Not analysed. 
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Table A2.  Conversion of glucose with sulfuric acid 
Run Catalyst (M) 
Glucose 
(M) 
Temp. 
(ºC) 
Reaction 
time (min) 
Furfural 
(mol%) 
Formic acid 
(mol%) 
Levulinic 
acid (mol%) 
Solids 
(wt%) 
1# 0.255 0.100 140 30 0.04 4.17 4.02 n.a.
2*# 0.510 0.100 140 30 0.15 11.41 9.08 n.a.
3*# 0.255 0.100 160 15 0.30 14.82 11.97 n.a.
4 0.255 0.100 160 15 0.30 16.49 12.61 n.a.
5 0.255 0.100 160 15 0.27 13.44 11.44 n.a.
6 0.255 0.100 160 15 0.23 11.48 9.80 n.a.
7 0.510 0.100 160 15 0.42 23.72 20.93 n.a.
8 0.510 0.100 160 15 0.42 29.47 21.43 n.a.
9 0.255 0.222 160 30 0.33 20.17 16.73 n.a.
10 0.250 0.100 160 60 n.d. 37.93 39.26 1.9
11 0.255 0.100 160 60 0.30 44.08 36.16 n.a.
12 0.100 0.278 170 15 n.d. 10.98 10.02 3.0
13 0.100 0.278 170 15 n.d. 9.87 9.58 0.9
14 0.500 0.278 170 15 n.d. 49.28 51.28 11.1
15 0.500 0.278 170 15 n.d. 50.49 52.48 14.5
16 0.100 0.278 170 30 n.d. 23.79 24.25 2.6
17 0.100 0.278 170 30 n.d. 18.00 17.99 2.3
18# 0.500 0.278 180 0 n.d. 0.00 0.38 n.a.
19 0.255 0.100 180 8 1.02 36.17 29.02 n.a.
20 0.255 0.050 180 15 0.98 46.15 39.42 n.a.
21 0.255 0.100 180 15 0.59 55.40 42.65 n.a.
22 0.510 0.050 180 15 0.75 72.77 54.03 n.a.
23# 0.500 0.100 180 15 n.d. 63.67 65.37 9.0
24 0.102 0.222 180 30 0.97 44.66 36.37 n.a.
25 0.255 0.050 180 30 0.65 56.13 46.33 n.a.
26 0.255 0.100 180 30 0.50 67.87 52.36 n.a.
27 0.255 0.222 180 30 0.43 50.49 41.97 n.a.
28 0.250 0.400 180 30 n.d. 59.03 61.04 17.7
29 0.510 0.100 180 30 n.d. 70.01 59.76 n.a.
30 0.510 0.100 180 30 n.d. 66.94 54.02 n.a.
31 0.510 0.222 180 30 0.06 70.09 54.20 n.a.
32 0.765 0.100 180 30 n.d. 66.72 57.63 n.a.
33 0.102 0.100 180 45 0.53 32.24 27.03 n.a.
34 0.255 0.100 180 45 0.35 56.76 48.78 n.a.
35# 0.102 0.100 180 60 0.73 49.63 46.71 7.1
36 0.255 0.100 180 60 0.19 56.95 56.80 n.a.
37 0.510 0.050 180 60 n.d. 63.48 65.17 23.8
38 0.250 0.100 200 8 n.d. 59.00 61.19 8.5
39 0.255 0.100 200 15 0.58 68.70 53.74 n.a.
40 0.255 0.222 200 15 0.48 56.20 48.17 n.a.
41 0.510 0.100 200 15 n.d. 64.64 55.72 n.a.
42 0.255 0.100 200 30 0.24 48.97 45.01 n.a.
43 0.510 0.222 200 30 n.d. 51.71 48.17 n.a.
* 30 mL glass ampoule reactor.   # Not used in regression analysis.  
n.d. – Not detected.    n.a. – Not analysed. 
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Table A3.  RSM model for levulinic acid yield from glucose  
 
Factors 
MSA catalyst H2SO4 catalyst 
Coded 
factor F value P-value 
Coded 
factor F value P-value 
Model/Intercept a0 50.39 16.02 < 0.0001 50.53 33.22 < 0.0001 
Acid Conc a1 15.95 26.80 < 0.0001 18.57 37.03 < 0.0001 
Gluc Conc a2 6.36 2.77 0.1088 4.48 1.89 0.1812 
Temp a4 40.15 53.48 < 0.0001 37.00 67.59 < 0.0001 
Time a5 11.91 19.07 0.0002 11.69 29.34 < 0.0001 
Temp*Time a45 -16.92 7.92 0.0096 -20.49 15.76 0.0005 
Acid2 a11 -22.93 21.65 0.0001 -29.64 33.82 < 0.0001 
Temp2 a44 -37.97 29.52 < 0.0001 -33.89 35.50 < 0.0001 
 Adjusted R2 0.772 Adjusted R2 0.876 
 Predicted R2 0.628 Predicted R2 0.741 
 Adequate precision 15.139 Adequate precision 18.129 
 Lack of fit 0.074 Lack of fit 0.191 
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Table A4.  Conversion of xylose with MSA 
Run Catalyst (M) 
Glucose 
(M) 
Temp. 
(ºC) 
Reaction 
time (min) 
Furfural 
(mol%) 
Formic acid 
(mol%) 
Solids 
(wt%) 
 None 0.073 180 30 18.47 n.d. n.a.
1 0.260 0.073 140 30 15.33 n.d. n.a.
2 0.260 0.073 160 8 22.07 n.d. 1.3
3 0.104 0.073 160 15 13.67 n.d. 2.6
4 0.260 0.133 160 15 30.61 n.d. 1.4
5 0.260 0.267 160 15 28.17 0.14 2.9
6 0.521 0.073 160 15 42.99 n.d. 0.3
7 0.260 0.030 160 30 48.58 n.d. n.a.
8 0.260 0.073 160 30 48.22 n.d. 5.2
9 0.521 0.147 160 30 46.57 0.32 7.8
10 0.250 0.030 160 60 51.13 n.d. 3.8
11 0.260 0.030 160 60 59.69 n.d. 6.3
12 0.521 0.073 160 60 49.47 0.24 5.5
13# 0.300 0.133 180 5 61.02 n.d. 2.0
14 0.260 0.030 180 8 49.6 n.d. n.a.
15 0.260 0.030 180 15 64.66 0.04 n.a.
16 0.260 0.073 180 15 46.56 0.25 n.a.
17 0.500 0.030 180 15 56.44 n.d. 11.7
18# 0.521 0.073 180 15 26.84 0.23 n.a.
19# 0.300 0.133 180 20 27.94 n.d. 21.6
20 0.104 0.073 180 30 60.37 0.20 n.a.
21 0.260 0.030 180 30 55.51 0.23 13.3
22 0.260 0.030 180 30 58.66 n.d. 0.6
23 0.260 0.030 180 30 58.03 0.15 n.a.
24 0.260 0.073 180 30 37.6 0.35 n.a.
25 0.250 0.250 180 30 36.95 n.d. 25.7
26 0.521 0.030 180 30 45.41 0.20 7.0
27 0.260 0.073 180 60 37.3 0.41 2.9
28# 0.300 0.073 200 4 63.1 n.d. 13.8
29 0.250 0.030 200 8 65.2 n.d. 10.8
30 0.260 0.030 200 8 61.34 0.13 n.a.
31 0.260 0.073 200 8 54.61 0.24 2.9
32 0.104 0.073 200 15 60 0.28 0.3
33 0.260 0.030 200 15 50.69 0.21 n.a.
34 0.521 0.073 200 15 25.77 0.59 1.6
35 0.260 0.030 200 30 30.75 0.30 13.3
# Not used in regression analysis.  n.d. – Not detected.   n.a. – Not analysed. 
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Table A5.  Conversion of xylose with sulfuric acid 
Run Catalyst (M) 
Glucose 
(M) 
Temp. 
(ºC) 
Reaction 
time (min) 
Furfural 
(mol%) 
Formic acid 
(mol%) 
Solids 
(wt%) 
1 0.255 0.073 140 8 5.49 n.d. n.a.
2 0.255 0.030 140 15 11.56 n.d. n.a.
3 0.255 0.073 140 15 8.55 n.d. n.a.
4 0.255 0.030 140 30 20.99 n.d. n.a.
5 0.255 0.073 140 30 19.63 n.d. n.a.
6 0.255 0.073 140 30 18.75 n.d. n.a.
7 0.255 0.030 140 60 31.95 n.d. n.a.
8# 0.255 0.030 160 8 30.50 n.d. n.a.
9 0.255 0.073 160 8 42.39 0.23 n.a.
10 0.102 0.073 160 15 44.95 0.16 n.a.
11* 0.255 0.073 160 15 51.00 0.33 n.a.
12 0.255 0.073 160 15 49.64 0.21 n.a.
13 0.255 0.133 160 15 35.32 0.11 n.a.
14 0.255 0.267 160 15 33.16 0.35 n.a.
15 0.255 0.333 160 15 26.96 0.29 n.a.
16 0.510 0.073 160 15 41.11 0.33 n.a.
17 0.102 0.030 160 30 40.29 n.d. n.a.
18 0.255 0.030 160 30 51.99 0.08 n.a.
19*# 0.255 0.073 160 30 46.78 0.22 n.a.
20 0.255 0.073 160 30 44.99 n.d. n.a.
21 0.250 0.030 160 60 65.85 n.d. 4.8
22 0.255 0.030 180 8 58.28 n.d. n.a.
23 0.255 0.030 180 8 59.74 0.01 n.a.
24 0.255 0.030 180 8 61.07 0.02 n.a.
25 0.255 0.030 180 8 63.49 n.d. n.a.
26# 0.255 0.073 180 8 40.49 0.09 n.a.
27 0.102 0.030 180 15 56.02 0.15 n.a.
28 0.255 0.030 180 15 62.14 0.08 n.a.
29 0.500 0.030 180 15 59.24 n.d. 15.3
30 0.510 0.073 180 15 37.26 0.27 n.a.
31# 0.102 0.030 180 30 65.47 0.08 n.a.
32 0.255 0.030 180 30 44.51 0.18 n.a.
33 0.250 0.250 180 30 31.37 n.d. 23.8
34# 0.250 0.030 200 8 64.39 n.d. 9.5
35 0.255 0.073 200 8 43.27 0.35 n.a.
36 0.255 0.030 200 30 22.43 0.26 38.1
* 30 mL glass ampoule reactor.  # Not used in regression analysis. 
n.d. – Not detected.    n.a. – Not analysed. 
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Table A6.  RSM model for furfural yield from xylose  
 
Factors 
MSA catalyst H2SO4 catalyst 
Coded 
factor F value P-value 
Coded 
factor F value P-value 
Model/Intercept a0 44.14 21.76 < 0.0001 52.76 41.59 < 0.0001 
Acid Conc a1 -5.42 1.37 0.2546 22.94 1.38 0.2518 
Xyl Conc a3 -14.10 12.24 0.0020 -17.25 41.48 < 0.0001 
Temp a4 -5.93 2.58 0.1288 -1.94 0.56 0.4604 
Time a5 -1.46 0.52 0.4766 15.46 2.64 0.1176 
Acid*Temp a14 -29.68 14.01 0.011 - - - 
Acid*Time a15 - - - 52.08 4.86 0.0377 
Temp*Time a45 -31.54 47.20 < 0.0001 -18.67 29.21 < 0.0001 
Acid2 a11 -47.95 36.16 < 0.0001 -22.10 3.64 0.0690 
Temp2 a44 -28.59 48.02 < 0.0001 -34.49 165.61 < 0.0001 
 Adjusted R2 0.847 Adjusted R2 0.913 
 Predicted R2 0.782 Predicted R2 0.821 
 Adequate precision 15.813 Adequate precision 20.894 
 Lack of fit 0.069 Lack of fit 0.088 
   
 Appendices 221 
Table A7.  Conversion of mixtures of glucose and xylose with MSA 
Run Catalyst (M) 
Glucose 
(M) 
Xylose 
(M) 
Temp. 
(ºC) 
Reaction 
time (min) 
Furfural 
(mol%) 
Formic 
acid 
(mol%) 
Levulinic 
acid 
(mol%) 
Solids 
(wt%) 
1# 0.104 0.100 0.030 160 15 15.77 2.25 1.92 0.6 
2 0.521 0.050 0.036 160 15 45.87 21.95 19.52 6.9 
3# 0.260 0.100 0.030 160 30 40.98 23.36 21.03 3.8 
4 0.521 0.100 0.030 160 30 38.98 32.54 30.04 4.0 
5 0.521 0.200 0.060 160 30 33.48 40.81 35.81 10.5 
6 0.250 0.100 0.030 160 60 51.08 38.44 38.52 3.3 
7 0.260 0.100 0.030 160 60 47.69 30.31 26.56 5.1 
8 0.260 0.100 0.073 160 60 46.52 35.26 29.94 5.9 
9 0.521 0.100 0.030 160 60 21.69 65.38 57.02 10.2 
10 0.521 0.100 0.073 160 60 35.10 60.95 54.44 8.9 
11# 0.260 0.100 0.030 180 15 52.74 40.19 33.40 1.5 
12 0.521 0.050 0.017 180 15 43.75 63.81 54.80 2.8 
13 0.500 0.100 0.030 180 15 32.02 66.19 64.59 11.8 
14 0.521 0.100 0.030 180 15 39.59 60.85 52.16 2.7 
15 0.521 0.100 0.073 180 15 37.27 64.25 50.79 2.0 
16# 0.104 0.100 0.060 180 30 54.43 36.47 29.77 4.4 
17 0.260 0.050 0.017 180 30 46.80 60.27 51.57 n.a. 
18 0.260 0.100 0.030 180 30 39.54 61.83 54.16 5.3 
19 0.260 0.100 0.073 180 30 38.39 60.13 48.15 9.0 
20 0.260 0.200 0.147 180 30 19.19 68.04 56.50 23.4 
21 0.250 0.400 0.250 180 30 13.81 61.01 55.12 27.8 
22 0.521 0.100 0.030 180 30 12.84 73.92 65.48 6.3 
23 0.521 0.100 0.030 180 30 21.51 69.95 60.91 5.3 
24 0.521 0.100 0.030 180 30 20.41 70.48 60.83 4.0 
25 0.521 0.100 0.073 180 30 12.52 79.65 62.84 13.8 
26 0.260 0.100 0.030 180 45 21.21 70.04 60.55 8.9 
27 0.104 0.100 0.030 180 60 30.89 55.38 54.80 10.8 
28 0.260 0.050 0.036 180 60 25.64 81.32 63.87 21.1 
29 0.260 0.100 0.030 180 60 19.41 69.23 60.34 16.7 
31 0.260 0.200 0.060 180 60 7.37 65.04 57.18 19.4 
32 0.250 0.200 0.060 180 60 25.89 73.56 53.69 17.1 
33 0.250 0.100 0.030 200 8 46.33 65.06 62.94 10.9 
34 0.260 0.100 0.030 200 8 44.68 58.74 51.01 10.3 
35 0.104 0.100 0.030 200 15 43.85 57.21 49.70 7.0 
36 0.260 0.100 0.073 200 15 31.12 71.47 56.10 12.0 
37 0.521 0.050 0.017 200 15 11.59 72.89 64.79 n.a. 
38 0.521 0.100 0.030 200 15 17.28 66.81 57.69 6.5 
39# 0.521 0.200 0.060 200 15 11.29 63.82 55.94 21.7 
40 0.260 0.050 0.017 200 30 24.57 72.29 60.58 n.a. 
41 0.260 0.100 0.030 200 30 8.09 62.99 56.74 3.8 
42 0.521 0.050 0.036 200 30 9.25 79.82 63.05 0.3 
43 0.521 0.100 0.073 200 30 5.18 71.63 57.33 14.9 
# Not used in regression analysis.     n.a. – Not analysed. 
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Table A8.  Conversion of mixtures of glucose and xylose with sulfuric acid 
Run Catalyst (M) 
Glucose 
(M) 
Xylose 
(M) 
Temp. 
(ºC) 
Reaction 
time (min) 
Furfural 
(mol%) 
Formic 
acid 
(mol%) 
Levulinic 
acid 
(mol%) 
Solids 
(wt%) 
- None 0.100 0.030 180 30 12.78 n.d. n.d. 1.3 
1 0.510 0.050 0.036 160 15 34.92 23.36 19.40 n.a. 
2 0.255 0.100 0.030 160 30 46.87 33.52 25.70 n.a. 
3 0.510 0.100 0.030 160 30 28.50 50.62 42.56 n.a. 
4 0.102 0.100 0.073 160 60 45.92 22.92 17.91 n.a. 
5 0.250 0.100 0.030 160 60 50.21 39.13 38.20 3.1 
6 0.255 0.100 0.073 160 60 38.50 47.40 37.30 n.a. 
7 0.510 0.100 0.030 160 60 18.82 67.99 61.26 n.a. 
8 0.510 0.100 0.073 160 60 20.97 70.67 56.28 n.a. 
9# 0.255 0.100 0.030 180 15 37.18 46.99 43.57 n.a. 
10 0.510 0.050 0.017 180 15 31.98 71.86 60.24 n.a. 
11 0.500 0.100 0.030 180 15 34.12 66.37 64.83 12.1 
12 0.510 0.100 0.073 180 15 30.28 73.39 58.08 n.a. 
13**# 0.510 0.100 0.030 180 20 28.60 70.59 57.42 n.a. 
14* 0.510 0.100 0.073 180 20 23.05 84.94 57.36 n.a. 
15 0.102 0.100 0.030 180 30 52.77 42.67 36.02 n.a. 
16 0.102 0.100 0.060 180 30 48.21 48.64 39.60 n.a. 
17 0.255 0.050 0.017 180 30 29.53 73.90 62.15 n.a. 
18 0.255 0.100 0.030 180 30 26.58 65.63 58.96 n.a. 
19 0.255 0.100 0.073 180 30 28.97 72.62 57.43 n.a. 
20 0.250 0.400 0.250 180 30 13.50 64.74 58.04 28.0 
21 0.510 0.100 0.030 180 30 14.05 75.38 65.68 n.a. 
22 0.510 0.100 0.030 180 30 11.55 72.43 63.07 n.a. 
23 0.510 0.100 0.030 180 30 11.51 72.45 63.15 n.a. 
24 0.510 0.100 0.030 180 30 12.88 70.98 62.14 n.a. 
25 0.255 0.100 0.073 180 45 21.29 76.58 59.88 n.a. 
26 0.255 0.100 0.030 180 60 13.55 66.29 63.94 n.a. 
27 0.255 0.200 0.060 180 60 9.22 62.86 60.80 n.a. 
28 0.250 0.100 0.030 200 8 41.31 66.70 64.90 11.9 
29 0.255 0.100 0.030 200 8 32.72 61.63 58.21 n.a. 
30 0.510 0.100 0.073 200 8 14.37 77.80 61.88 n.a. 
31 0.255 0.100 0.073 200 15 22.03 75.17 57.65 n.a. 
32 0.510 0.050 0.017 200 15 16.03 81.37 61.33 n.a. 
33 0.510 0.100 0.030 200 15 11.32 69.30 53.40 n.a. 
34 0.510 0.100 0.030 200 15 11.75 67.68 60.12 n.a. 
35 0.510 0.100 0.073 200 15 8.96 75.68 53.11 n.a. 
36 0.510 0.200 0.060 200 15 4.10 50.66 48.77 n.a. 
37 0.255 0.050 0.017 200 30 15.46 74.39 63.91 n.a. 
38 0.255 0.100 0.030 200 30 10.10 60.49 61.39 n.a. 
39 0.510 0.100 0.073 200 30 1.24 62.32 58.16 n.a. 
* 30 mL glass ampoule reactor.  # Not used in regression analysis.  
n.d. – Not detected.    n.a. – Not analysed. 
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Table A9.  Conversion of mixtures of glucose and xylose with ESA 
Run Catalyst (M) 
Glucose 
(M) 
Xylose 
(M) 
Temp. 
(ºC) 
Reaction 
time (min) 
Furfural 
(mol%) 
Formic 
acid 
(mol%) 
Levulinic 
acid 
(mol%) 
Solids 
(wt%) 
1 0.250 0.100 0.073 160 15 31.86 7.46 6.55 n.a. 
2 0.500 0.500 0.036 160 15 52.19 25.06 19.74 1.0 
3 0.500 0.100 0.073 160 15 42.33 23.51 19.28 3.9 
4 0.100 0.100 0.073 160 30 27.83 8.10 5.61 2.5 
5 0.250 0.100 0.030 160 30 36.58 25.52 20.64 1.3 
6 0.500 0.050 0.017 160 30 56.27 32.30 30.70 2.5 
7 0.500 0.200 0.060 160 30 27.95 39.22 34.74 7.6 
8 0.100 0.100 0.073 160 60 48.15 20.38 16.33 3.9 
9 0.250 0.100 0.073 160 60 41.71 38.33 31.31 1.0 
10 0.250 0.200 0.060 160 60 34.85 38.52 33.82 6.3 
11 0.500 0.100 0.073 160 60 29.03 62.60 54.36 13.3 
12 0.100 0.100 0.030 180 15 49.78 24.85 20.93 6.3 
13 0.250 0.100 0.060 180 15 46.80 51.09 42.12 3.2 
14 0.500 0.100 0.030 180 15 28.04 63.29 55.89 7.6 
15 0.100 0.100 0.060 180 30 49.23 42.65 34.91 7.9 
16 0.250 0.100 0.030 180 30 30.92 63.33 55.07 5.7 
17 0.500 0.050 0.017 180 30 21.37 71.98 63.05 12.4 
18 0.500 0.100 0.030 180 30 13.14 70.07 61.60 12.1 
19 0.500 0.100 0.030 180 30 13.60 69.59 60.02 13.3 
20 0.500 0.100 0.030 180 30 9.98 68.94 62.26 17.0 
21 0.250 0.100 0.030 180 45 20.67 84.36 63.84 11.7 
22 0.100 0.100 0.030 180 60 36.61 59.39 52.22 12.7 
23 0.250 0.100 0.030 180 60 34.81 75.06 59.70 24.1 
24 0.250 0.200 0.060 180 60 10.69 69.45 59.64 19.0 
25 0.500 0.100 0.073 180 60 3.06 74.25 59.83 18.7 
26 0.500 0.200 0.060 180 60 1.45 64.02 57.71 9.2 
27 0.250 0.050 0.017 200 8 55.88 64.44 54.97 12.4 
28 0.500 0.050 0.017 200 8 28.91 68.68 61.51 2.5 
29 0.100 0.100 0.030 200 15 54.84 66.39 49.14 10.2 
30 0.500 0.050 0.017 200 15 15.83 71.09 60.52 12.4 
31 0.500 0.200 0.060 200 15 7.22 75.59 57.60 19.7 
32 0.250 0.100 0.030 200 30 10.73 60.50 56.68 13.8 
33 0.500 0.100 0.073 200 30 0.98 59.42 59.03 12.8 
n.a. – Not analysed.
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Table A10.  Conversion of mixtures of glucose and xylose with TSA 
Run Catalyst (M) 
Glucose 
(M) 
Xylose 
(M) 
Temp. 
(ºC) 
Reaction 
time (min) 
Furfural 
(mol%) 
Formic 
acid 
(mol%) 
Levulinic 
acid 
(mol%) 
Solids 
(wt%) 
1# 0.250 0.100 0.073 160 15 24.89 10.03 7.06 2.0
2 0.500 0.050 0.036 160 15 52.93 26.00 21.48 n.a.
3 0.500 0.100 0.073 160 15 41.59 25.25 23.07 n.a.
4# 0.100 0.100 0.073 160 30 11.96 8.93 5.92 n.a.
5 0.250 0.100 0.030 160 30 41.42 28.42 22.91 1.3
6 0.500 0.050 0.017 160 30 33.10 37.45 34.84 2.5
7 0.500 0.200 0.060 160 30 35.00 39.30 41.93 7.0
8 0.100 0.100 0.073 160 60 46.26 23.64 17.08 3.4
9 0.250 0.100 - 160 60 - 38.21 40.01 4.3
10 0.250 - 0.030 160 60 69.19 - - 8.8
11 0.250 0.100 0.030 160 60 50.85 39.40 38.98 7.0
12 0.250 0.100 0.073 160 60 39.58 41.73 37.47 n.a.
13 0.250 0.200 0.060 160 60 18.41 38.03 34.10 6.3
14 0.500 0.100 0.073 160 60 28.67 82.64 57.05 14.3
15 0.100 0.100 0.030 180 15 43.67 23.75 21.69 2.5
16 0.250 0.100 0.060 180 15 43.09 51.81 42.79 1.1
17 0.500 0.100 0.030 180 15 16.64 63.49 69.11 5.1
18 0.500 0.100 0.073 180 15 34.14 89.03 64.00 12.8
19 0.100 0.100 0.060 180 30 36.69 43.19 38.03 7.4
20 0.250 0.050 0.017 180 30 41.49 86.08 70.82 5.0
21 0.250 0.100 0.030 180 30 24.42 65.29 65.35 10.2
22 0.250 0.100 0.030 180 30 29.01 64.26 65.62 12.7
23 0.250 0.100 0.073 180 30 33.81 82.95 60.99 14.8
24 0.500 0.050 0.017 180 30 22.74 75.29 71.33 9.9
25 0.500 0.100 0.030 180 30 6.10 69.07 71.94 11.4
26 0.500 0.100 0.030 180 30 15.34 73.07 69.72 14.0
27 0.500 0.100 0.030 180 30 13.40 69.02 64.54 10.2
28 0.250 0.100 0.030 180 45 24.54 85.91 71.89 12.7
29 0.100 0.100 0.030 180 60 22.98 58.61 57.48 10.2
30 0.250 0.100 0.030 180 60 12.14 67.97 72.31 8.9
31 0.250 0.200 0.060 180 60 6.66 85.19 70.27 19.0
32 0.500 0.100 0.030 180 60 5.79 70.07 61.51 11.4
33 0.500 0.200 0.060 180 60 1.32 61.00 70.06 17.8
34 0.250 0.050 0.017 200 8 45.11 68.49 58.22 n.a.
35 0.500 0.050 0.017 200 8 33.65 75.36 75.61 3.7
36 0.250 0.100 - 200 8 - 61.38 62.20 7.9
37 0.250 - 0.030 200 8 65.01 - - 9.8
38 0.250 0.100 0.030 200 8 43.48 65.64 63.58 9.3
39 0.100 0.100 0.030 200 15 52.19 64.06 51.01 9.5
40 0.500 0.050 0.017 200 15 19.63 71.20 64.98 n.a.
41 0.500 0.100 0.030 200 15 12.31 79.02 65.77 12.7
42 0.500 0.200 0.060 200 15 5.84 70.37 53.82 18.2
43 0.250 0.100 0.030 200 30 11.50 75.10 62.30 14.0
44 0.500 0.100 0.073 200 30 4.49 64.31 46.61 15.8
n.a. – Not analysed.
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Table A11.  RSM model for levulinic acid and furfural yields from mixtures of glucose and xylose with MSA catalyst 
 
Factors 
Levulinic acid 95% confidence interval Furfural 
95% confidence 
interval 
Coded factor F value P-value Low High Coded factor F value P-value Low High 
Model/Intercept a0 48.75 22.57 < 0.0001 38.30 59.19 16.79 28.25 < 0.0001 1.83 31.74 
Acid Conc a1 27.28 72.93 < 0.0001 20.88 33.69 -12.51 21.10 < 0.0001 -17.98 -7.04 
Gluc Conc a2 5.82 1.98 0.1646 -2.46 14.09 -4.88 1.23 0.2732 -13.73 3.97 
Xyl Conc a3 -1.47 0.055 0.8161 -14.08 11.14 -19.28 1.94 0.1702 -47.12 8.55 
Temp a4 64.95 26.44 < 0.0001 39.63 90.26 -37.12 15.01 0.0003 -56.37 -17.87 
Time a5 17.46 93.96 < 0.0001 13.85 21.07 6.61 1.03 0.3142 -6.45 19.68 
Acid*Temp a14 -37.81 28.60 < 0.0001 -51.98 -23.64 -43.72 85.54 < 0.0001 -53.22 -34.23 
Acid*Time a15 -10.11 5.70 0.0204 -18.60 -1.63 -28.82 50.14 < 0.0001 -37.00 -20.65 
Gluc*Xyl a23 - - - - - -17.65 1.60 0.2112 -45.64 10.34 
Gluc*Temp a24 -27.38 6.64 0.0127 -48.67 -6.09 -10.14 2.80 0.1003 -22.31 2.02 
Xyl*Temp a34 37.30 7.51 0.083 10.02 64.57 -18.45 3.92 0.0532 -37.16 0.26 
Xyl*Time a35 - - - - - 17.90 4.38 0.0414 0.72 35.08 
Temp*Time a45 -24.91 32.07 < 0.0001 -33.73 -16.10 -42.07 133.81 < 0.0001 -49.37 -34.76 
Acid2 a11 -18.60 17.54 0.0001 -27.50 -9.70 - - - - - 
Gluc2 a22 - - - - - 24.66 6.48 0.0140 5.21 44.11 
Temp2 a44 -39.19 75.21 < 0.0001 -48.24 -30.13 -30.17 82.74 < 0.0001 -36.83 -23.51 
Time2 a55 -4.68 3.85 0.0548 -9.45 0.100 -4.64 4.68 0.0353 -8.96 -0.33 
 Adjusted R2 0.8048   Adjusted R2 0.8945   
 Predicted R2 0.7528   Predicted R2 0.8628   
 Adequate precision 20.089   Adequate precision 0.7041   
 Lack of fit 0.080   Lack of fit 0.162   
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Table A12.  RSM model for levulinic acid and furfural yields from mixtures of glucose and xylose with sulfuric acid 
 
Factors 
Levulinic acid 95% confidence interval Furfural 
95% confidence 
interval 
Coded factor F value P-value Low High Coded factor F value P-value Low High 
Model/Intercept a0 66.07 52.00 < 0.0001 55.67 76.47 24.57 30.51 < 0.0001 10.91 38.23 
Acid Conc a1 24.20 12.99 0.0014 10.37 38.03 -12.16 0.62 0.4387 -43.97 19.66 
Gluc Conc a2 25.32 10.68 0.0031 9.36 41.28 3.35 0.15 0.7018 -14.47 21.17 
Xyl Conc a3 -4.24 0.68 0.4172 -14.83 6.35 -8.98 1.12 0.3003 -26.47 8.50 
Temp a4 15.21 4.67 0.0404 0.72 29.70 -33.00 16.05 0.0005 -49.96 -16.03 
Time a5 9.47 44.60 < 0.0001 6.55 12.39 -11.21 1.48 0.2359 -30.21 7.80 
Acid*Gluc a12 19.07 2.64 0.1169 -5.11 43.26 - - - - - 
Acid*Xyl a13 - - - - - 22.13 1.27 0.2699 -18.26 62.53 
Acid*Temp a14 -22.78 45.20 < 0.0001 -29.76 -15.80 - - - - - 
Gluc*Temp a24 -46.73 18.74 0.0002 -68.97 -24.50 -14.95 1.45 0.2392 -40.49 10.58 
Xyl*Time a35 - - - - - 3.49 0.084 0.7747 -21.33 28.31 
Temp*Time a45 -13.45 28.82 < 0.0001 -18.60 -8.29 -19.17 27.76 < 0.001 -26.66 -11.68 
Acid2 a11 -37.40 32.97 < 0.0001 -50.82 -23.99 - - - - - 
Temp2 a44 -35.77 120.99 < 0.0001 -42.46 -29.07 -11.14 5.63 0.0256 -20.82 -1.47 
 Adjusted R2 0.9397   Adjusted R2 0.8940   
 Predicted R2 0.8519   Predicted R2 0.8573   
 Adequate precision 27.900   Adequate precision 19.277   
 Lack of fit 0.406   Lack of fit 0.049   
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Table A13.  RSM model for levulinic acid and furfural yields from mixtures of glucose and xylose with ESA catalyst 
 
Factors 
Levulinic acid 95% confidence interval Furfural 
95% confidence 
interval 
Coded factor F value P-value Low High Coded factor F value P-value Low High 
Model/Intercept a0 50.46 54.99 < 0.0001 32.20 68.72 11.84 35.99 < 0.0001 -11.09 34.77 
Acid Conc a1 14.57 17.74 0.0004 7.36 21.79 -0.75 0.013 0.9088 -14.38 12.87 
Gluc Conc a2 -0.94 0.054 0.8183 -9.34 7.46 7.75 0.40 0.5365 -18.10 33.61 
Xyl Conc a3 -0.23 0.0004 0.9833 -23.40 22.93 -9.62 0.51 0.4855 -38.01 18.76 
Temp a4 22.43 3.12 0.0927 -4.07 48.92 56.02 15.20 0.0011 25.83 86.20 
Time a5 13.75 78.52 < 0.0001 10.51 16.98 -10.04 35.37 < 0.0001 -13.59 -6.50 
Acid*Gluc a12 - - - - - 30.24 5.43 0.0316 2.97 57.51 
Acid*Temp a14 -17.48 14.71 0.0010 -26.98 -7.97 -40.51 70.39 < 0.0001 -50.65 -30.36 
Acid*Time a15 -6.31 4.13 0.0557 -12.80 0.17 -12.61 14.20 0.0014 -19.64 -5.58 
Gluc*Temp a24 -26.04 2.40 0.1374 -61.13 9.06 -15.88 3.71 0.0701 -33.21 1.45 
Xyl*Temp a34 - - - - - 112.93 27.29 < 0.0001 67.51 158.35 
Temp*Time a45 -13.71 16.23 0.0007 -20.82 -6.61 -21.73 37.31 < 0.0001 -29.20 -14.26 
Acid2 a11 -26.25 13.19 0.0017 -41.32 -11.17 - - - - - 
Gluc2 a22 - - - - - 47.80 6.26 0.0222 7.67 87.93 
Temp2 a44 -29.82 44.11 < 0.0001 -39.18 -20.45 -8.66 2.94 0.1035 -19.28 1.95 
Time2 a55 -7.68 11.20 0.0032 -12.47 -2.89 11.12 17.47 0.0006 5.53 16.71 
 Adjusted R2 0.9529   Adjusted R2 0.9387   
 Predicted R2 0.8969   Predicted R2 0.8677   
 Adequate precision 24.635   Adequate precision 22.059   
 Lack of fit 0.9529   Lack of fit 0.9387   
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Table A14.  RSM model for levulinic acid and furfural yields from mixtures of glucose and xylose with TSA catalyst 
 
Factors 
Levulinic acid 95% confidence interval Furfural 
95% confidence 
interval 
Coded factor F value P-value Low High Coded factor F value P-value Low High 
Model/Intercept a0 53.89 38.15 < 0.0001 39.32 68.45 -39.50 30.33 < 0.0001 -246.28 167.29 
Acid Conc a1 17.81 16.72 0.0003 8.87 26.75 -0.95 0.017 0.8983 -16.06 14.16 
Gluc Conc a2 0.91 0.037 0.8488 -8.79 10.61 71.54 2.25 0.1454 -26.36 169.45 
Xyl Conc a3 -9.06 0.97 0.3334 -27.94 9.82 -232.52 0.72 0.4025 -793.39 328.35 
Temp a4 24.00 3.13 0.0882 -3.83 51.84 -24.98 94.82 < 0.0001 -30.24 -19.71 
Time a5 14.63 55.05 < 0.0001 10.59 18.68 -10.29 20.52 0.0001 -14.95 -5.63 
Acid*Gluc a12 - - - - - 32.59 5.59 0.0256 4.30 60.88 
Acid*Temp a14 -36.60 29.54 < 0.0001 -50.41 -22.78 -12.41 4.55 0.0423 -24.36 -0.47 
Acid*Time a15 -18.25 21.53 < 0.0001 -26.32 -10.18 - - - - - 
Gluc*Xyl a23 - - - - - 136.82 4.53 0.0426 4.88 268.75 
Xyl*Temp a34 -38.55 5.39 0.0281 -72.63 -4.48 - - - - - 
Temp*Time a45 -23.78 28.06 < 0.0001 -33.00 -14.57 -11.99 9.12 0.0055 -20.14 -3.84 
Acid2 a11 -44.43 28.89 < 0.0001 -61.38 -27.47 - - - - - 
Xyl2 a33 - - - - - -214.14 1.30 0.2635 -598.91 170.63 
Temp2 a44 -52.75 107.80 < 0.0001 -63.17 -42.32 - - - - - 
Time2 a55 -8.30 10.26 0.0035 -13.61 -2.98 5.80 3.74 0.0636 -0.35 11.95 
 Adjusted R2 0.9196   Adjusted R2 0.8946   
 Predicted R2 0.8613   Predicted R2 0.8263   
 Adequate precision 21.336   Adequate precision 21.892   
 Lack of fit 0.228   Lack of fit 0.553   
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Table A15.  Minor product yields from acid-catalysed reaction of mixtures of 
glucose and xylose. 
Acid conc (M) 0.25 0.50 0.25 0.25 0.25 0.25 
Glucose conc (M) 0.10 0.10 0.40 0.10 0.10 0.10 
Xylose conc (M) 0.03 0.03 0.25 0.03 0.03 0.03 
Temperature  160 180 180 180 200 200 
Reaction Time (min) 60 15 30 60 8 30 
MSA - 
product 
yield 
(mol%#) 
HMF 2.43 0.48 0.21 0.82 0.69 0.09 
Mannose n.d. 0.98 1.20 n.d. 0.97 1.34 
Arabinose n.d. n.d. 0.30 0.54 0.81 0.34 
Acetic acid n.d. n.d. 2.20 2.30 n.d. 3.01 
Lactic acid n.d. n.d. 0.41 n.d. n.d. 0.27 
Glyceraldehyde 0.58 n.d. n.d. 0.14 0.32 n.d. 
Levoglucosan 1.27 0.44 2.28 0.44 0.76 0.15 
H2SO4 - 
product 
yield 
(mol%#) 
HMF 2.20 0.57 0.06 0.69 0.40 0.06 
Mannose n.d. 1.01 0.82 n.d. 0.98 1.33 
Arabinose n.d. 0.51 0.31 0.57 0.74 0.46 
Acetic acid n.d. 3.30 2.01 2.70 2.61 2.62 
Lactic acid n.d. n.d. 0.79 0.64 n.d. 0.58 
Glyceraldehyde 0.28 n.d. n.d. 0.18 n.d. n.d. 
Levoglucosan 1.16 0.48 1.81 0.47 0.57 0.24 
# Based on theoretical yield from the conversion of glucose.  
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Figure B1.  EDX spectrum of bagasse 
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Figure B2.  EDX spectrum of acid pulp 
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Figure B3.  EDX spectrum of soda low lignin pulp 
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Figure B4.  EDX spectrum of soda high lignin pulp 
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Figure B5.  XRD data of cellulose and bagasse feed materials 
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Figure B6.  FTIR spectra of acid- and solvent-treated bagasse compared to 
untreated bagasse 
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Figure B7.  FTIR spectra of the acid hydrolysis residues of cellulose, solvent 
and high lignin soda pulps 
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Figure B8A.  FTIR difference spectra of the acid hydrolysis residues of 
cellulose, solvent and high lignin soda pulps compared to feed 
materials 
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Figure B8B.  FTIR difference spectra of the acid hydrolysis residues of 
cellulose, solvent and high lignin soda pulps compared to feed 
materials 
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Figure B9.  Proton NMR spectra of biomass residues 
 
 
2.8 2.7 2.6 2.5 2.4 2.3 2.2 2.1 2.0 1.9 1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1
1.
10
1.
11
1.
14
1.
23
1.
281.
29
1.
30
1.
391.
461.
47
1.
84
1.
88
1.
91
1.
96
2.
012.
072.
08
2.
08
2.
09
2.
15
2.
17
2.
18
2.
19
2.
23
2.
32
2.
37
2.
38
2.
38
2.
42
2.
452.
47
2.
522.
592.
62
2.
64
2.
65
2.
65
2.
77
2.
77
---- Bagasse residue
---- Soda low lignin pulp residue
---- Glucose + xylose residue 
Levulinic 
acid
Acetic 
acid
N
or
m
al
is
ed
 In
te
ns
ity
 (a
rb
itr
ar
y 
un
its
)
Chemical shift (ppm)
MSA
Fatty 
acid
DMSO
 
Figure B10.  Proton NMR spectra of the aliphatic region 
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Figure B11.  Proton NMR spectra of the anomeric region 
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Figure B12.  Proton NMR spectra of the aromatic region 
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Figure B13.  TOCSY NMR spectrum of residue from acid hydrolysis of 
bagasse 
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Figure B14.  HSQC NMR spectrum of residue from acid hydrolysis of bagasse 
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Figure B15.  HSQC NMR spectrum of bagasse soda lignin 
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Table B1 (1).  Acid hydrolysis of bagasse  
Run Catalyst (M) 
Feed 
(wt%) 
Retained 
on screen 
(mm) 
Temp. 
(ºC) 
Reaction 
time (min) 
Furfural 
(mol%^) 
Formic 
acid 
(mol%^) 
Levulinic 
acid 
(mol%^) 
Solids 
(wt% 
feed) 
Methanesulfonic acid 
1 0.1 1.84 0.2 160 20 37.7 4.2 0.0 57.5 
2 0.1 3.68 0.2 160 20 33.7 3.6 0.2 58.9 
3 0.5 1.84 2 160 20 82.4 12.2 6.7 48.1 
4 0.5 3.68 2 160 20 67.4 9.6 4.3 54.0 
5 0.1 3.68 2 160 40 51.4 0.0 0.0 59.9 
6 0.1 1.84 2 160 60 95.5 11.8 4.2 62.5 
7* 0.1 1.84 2 160 60 85.8 10.0 2.0 50.2 
8* 0.1 1.84 2 160 60 73.1 9.3 0.4 53.6 
9 0.5 1.84 0.2 160 60 48.0 58.2 40.9 38.5 
10 0.5 3.68 2 160 60 34.5 62.7 46.0 37.4 
11 0.1 1.84 0.2 160 80 71.2 9.6 2.8 51.3 
12 0.1 3.68 0.5 160 80 62.6 7.5 2.1 54.0 
13 0.1 3.68 2 160 80 64.0 7.5 2.0 57.3 
14# 0.5 1.84 2 160 80 43.2 55.3 42.9 38.3 
15 0.5 3.87 0.5 160 80 33.1 54.5 40.7 40.9 
16 0.5 2.65 0.5 160 120 25.0 70.6 59.3 32.2 
17 0.1 1.84 0.5 180 20 87.8 11.2 4.5 55.3 
18 0.2 3.68 0.2 180 20 84.8 35.9 28.2 28.8 
19* 0.2 3.68 0.2 180 20 69.7 40.4 34.9 36.6 
20 0.2 3.68 0.5 180 20 76.4 39.6 31.6 29.4 
21 0.2 3.68 2 180 20 84.1 36.2 28.4 47.5 
22 0.3 3.68 0.5 180 20 46.0 64.7 48.3 38.6 
23 0.5 3.68 2 180 20 19.8 73.1 55.7 38.5 
24 0.3 3.68 0.5 180 30 41.0 64.4 49.1 37.4 
25 0.045 2.21 0.5 180 40 92.6 27.7 31.3 43.6 
26# 0.063 3.68 0.5 180 40 78.2 17.4 9.8 45.1 
27 0.2 3.68 0.2 180 40 52.7 63.0 53.4 41.7 
28 0.2 3.68 2 180 40 54.6 68.5 58.6 39.5 
29 0.3 2.30 0.5 180 40 35.9 72.1 61.7 38.1 
30 0.3 2.30 0.5 180 40 33.5 73.5 63.5 38.2 
31# 0.3 2.26 0.5 180 40 54.8 53.8 54.1 47.4 
32 0.3 2.63 0.5 180 40 35.6 79.4 62.2 43.4 
33 0.3 2.63 0.5 180 40 30.3 73.3 57.7 38.4 
34* 0.3 2.63 0.5 180 40 37.0 69.3 59.9 29.7 
35 0.3 3.46 0.5 180 40 37.8 68.6 58.6 40.9 
36# 0.3 3.68 0.5 180 40 11.6 54.2 39.9 38.0 
37 0.3 3.68 0.5 180 40 18.5 76.9 56.5 40.9 
* 20 mL stainless steel tubular reactor.   # Not used in regression analysis. 
^ Based on pentose/hexose sugar content (anhydro-correction). 
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Table B1 (2).  Acid hydrolysis of bagasse  
Run Catalyst (M) 
Feed 
(wt%) 
Retained 
on screen 
(mm) 
Temp. 
(ºC) 
Reaction 
time (min) 
Furfural 
(mol%^) 
Formic 
acid 
(mol%^) 
Levulinic 
acid 
(mol%^) 
Solids 
(wt% 
feed) 
38 0.3 3.68 2 180 40 24.1 77.3 57.8 37.5 
39 0.3 3.77 0.5 180 40 29.98 72.6 52.3 40.1 
40 0.3 4.19 0.5 180 40 14.56 74.1 53.6 46.6 
41 0.75 3.68 0.5 180 40 3.0 72.7 59.9 44.0 
43 0.3 3.68 0.5 200 12 40.0 74.7 55.2 34.7 
44 0.1 1.84 0.2 200 20 70.2 59.3 48.9 33.8 
45 0.1 1.84 2 200 20 64.7 62.8 51.4 48.1 
46 0.3 1.84 2 200 20 25.9 65.8 53.7 27.4 
47 0.5 1.84 0.2 200 20 7.4 68.3 52.9 39.3 
48 0.5 1.84 0.2 200 20 6.6 64.2 52.2 40.1 
49 0.5 1.84 0.5 200 20 14.3 74.9 61.8 39.4 
50* 0.5 1.84 0.5 200 20 15.5 75.2 66.1 24.4 
51 0.5 1.84 2 200 20 9.2 73.0 59.5 21.1 
52 0.3 2.54 0.5 200 40 3.74 67.5 50.2 42.7 
53 0.5 3.68 0.5 200 40 0.0 63.2 58.2 44.4 
54 0.5 3.68 2 200 40 0.0 55.1 52.7 40.5 
55 0.5 5.25 0.5 200 40 0.0 58.8 55.3 45.1 
56 0.1 1.84 0.5 200 60 14.8 80.1 57.3 35.0 
57 0.1 1.84 2 200 60 16.3 85.8 62.1 36.3 
58 0.1 3.68 0.2 200 60 11.9 69.5 51.2 40.8 
59 0.1 3.68 2 200 60 12.7 72.7 53.0 40.4 
60 0.5 1.84 0.2 200 60 0.0 47.5 54.1 38.6 
61 0.5 1.84 2 200 60 0.0 58.8 59.1 40.1 
62 0.5 1.84 2 200 60 0.0 56.5 55.6 43.0 
Sulfuric acid 
63# 0.1 1.84 0.5 160 80 80.5 9.1 2.9 70.7 
64# 0.5 1.84 0.5 160 80 29.0 61.8 49.3 39.1 
65# 0.5 2.65 0.5 160 120 20.7 78.0 65.3 42.6 
66# 0.3 3.68 0.5 180 40 18.9 76.0 62.8 39.7 
67# 0.75 3.68 0.5 180 40 0.6 77.5 66.1 43.5 
68# 0.5 3.68 0.5 200 40 0.0 52.6 51.5 49.7 
69# 0.5 1.84 0.5 200 60 0.0 44.7 50.3 52.2 
* 20 mL stainless steel tubular reactor.   # Not used in regression analysis. 
^ Based on pentose/hexose sugar content (anhydro-correction). 
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Table B2 (1).  Acid hydrolysis of various cellulosic materials with MSA catalyst 
Feed material Catalyst (M) 
Feed 
(wt%) 
Temp. 
(ºC) 
Reaction 
time 
(min) 
Furfural 
(mol%^) 
Formic 
acid 
(mol%^) 
Levulinic 
acid 
(mol%^) 
Solids 
(wt%) 
Cellobiose 
0.3 2.97 180 40 - 60.3 58.5 15.8 
0.5 2.03 200 20 - 61.7 63.4 15.2 
Avicel 
0.3 1.75 180 40 - 54.3 51.6 15.4 
0.3 1.78 180 40 - 61.7 54.6 15.3 
0.3 2.84 180 40 - 59.2 56.9 14.7 
0.5 2.06 200 20 - 56.7 57.3 25.4 
0.3 2.81 200 40 - 52.2 56.3 22.6 
Solka-Floc 
0.1 1.90 180 20 - 10.5 5.7 39.2 
0.3 1.68 180 40 - 59.4 56.1 15.9 
0.3 1.98 180 40 - 57.8 50.1 20.2 
0.3 2.11 180 40 - 67.2 62.9 34.3 
0.3 2.87 180 40 - 60.6 57.5 16.8 
0.5 1.90 200 20 - 60.8 61.2 21.1 
0.3 2.76 200 40 - 54.0 56.1 25.7 
IL pulp 
0.1 1.98 180 20 66.3 13.8 7.6 50.7 
0.3 1.92 180 40 48.4 62.0 59.9 16.8 
0.3 1.95 180 40 45.7 67.9 60.4 19.4 
0.3 2.79 180 40 36.7 65.9 63.0 18.8 
0.5 1.95 200 20 0.0 59.8 60.2 22.7 
0.3 2.81 200 40 0.0 52.8 56.6 19.1 
EG pulp 
0.1 2.01 180 20 73.0 14.6 10.0 42.6 
0.3 2.00 180 40 23.6 66.5 57.8 20.7 
0.3 2.41 180 40 28.3 57.4 55.7 16.8 
0.3 2.83 180 40 14.9 61.7 57.8 21.2 
0.5 2.01 200 20 2.7 58.4 60.0 26.8 
0.3 2.86 200 40 21.9 56.8 58.7 28.3 
Soda med 
lignin pulp 
0.1 2.01 180 20 72.2 16.1 8.5 46.1 
0.3 2.63 180 40 41.7 67.5 59.4 27.4 
0.3 2.65 180 40 26.3 69.6 63.6 34.8 
0.5 1.88 200 20 6.1 67.3 53.0 33.4 
0.5 1.90 200 20 6.7 62.8 56.1 36.1 
0.3 2.71 200 40 5.6 64.8 58.4  
^ Based on pentose/hexose sugar content (anhydro-correction). 
 
 
 Appendices 247 
Table B2 (2).  Acid hydrolysis of various cellulosic materials with MSA catalyst 
Feed material Catalyst (M) 
Feed 
(wt%) 
Temp. 
(ºC) 
Reaction 
time 
(min) 
Furfural 
(mol%^) 
Formic 
acid 
(mol%^) 
Levulinic 
acid 
(mol%^) 
Solids 
(wt%) 
Soda high 
lignin pulp 
0.1 2.02 180 20 73.7 17.3 6.6 51.8 
0.3 2.78 180 40 41.6 64.1 59.2 30.8 
0.3 2.85 180 40 27.7 68.9 62.7 32.4 
0.3 3.26 180 40 32.5 72.9 59.7 28.7 
0.5 1.87 200 20 14.3 75.1 67.7 36.7 
0.3 2.74 200 40 8.5 69.7 65.5 33.7 
0.3 2.77 200 40 5.1 68.0 64.4 36.2 
0.3 2.77 200 40 3.7 68.7 59.6 33.4 
Acid pulp 
0.1 1.95 180 20 62.1 20.1 13.4 68.7 
0.045 2.54 180 40 83.8 29.1 25.5 69.2 
0.1 2.87 180 40 49.4 39.2 34.9 53.8 
0.3 2.45 180 40 65.2 72.3 52.1 53.0 
0.3 3.00 180 40 29.3 62.2 60.3 50.1 
0.3 3.65 180 40 19.4 71.5 62.2 49.8 
0.1 2.06 200 20 58.9 67.6 61.9 43.0 
0.5 2.09 200 20 0.0 68.4 63.2 48.0 
0.3 1.45 200 40 26.6 70.5 64.0 50.2 
0.3 2.82 200 40 0.0 61.1 58.2 48.7 
0.3 3.91 200 40 0.0 59.1 64.0 48.1 
0.3 2.82 200 60 0.0 55.7 63.3 48.7 
Acid pulp* 
0.1 1.92 180 20 52.9 19.2 11.9 67.3 
0.3 2.85 180 40 12.5 70.9 66.7 47.9 
0.5 1.98 200 20 0.0 61.8 62.9 50.0 
* Sulfuric acid catalyst. 
^ Based on pentose/hexose sugar content (anhydro-correction). 
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Table B3.  Acid hydrolysis of soda low lignin pulp 
Run Catalyst (M) 
Feed 
(wt%) 
Retained 
on screen 
(mm) 
Temp. 
(ºC) 
Reaction 
time 
(min) 
Furfural 
(mol%^) 
Formic 
acid 
(mol%^) 
Levulinic 
acid 
(mol%^) 
Solids 
(wt% 
feed) 
Methanesulfonic acid 
1 0.1 1.72 0.2 160 20 22.7 0.0 0.0 70.3
2 0.1 1.72 2 160 40 64.1 12.8 0.9 69.1
3 0.5 1.72 0.5 160 40 67.5 38.1 26.1 34.3
4 0.1 3.44 0.5 160 80 67.2 8.4 4.1 59.6
5 0.3 2.46 0.5 160 80 57.0 50.0 37.9 40.9
6 0.5 3.93 0.5 160 80 21.8 50.5 45.1 28.1
7 0.1 1.72 0.5 180 20 88.3 14.8 6.7 55.8
8 0.3 3.44 0.5 180 30 35.7 79.2 70.2 26.9
9 0.045 2.14 0.5 180 40 92.5 25.9 13.8 39.4
10 0.063 3.56 0.5 180 40 70.0 20.8 15.8 37.2
11 0.1 2.46 0.2 180 40 69.9 41.6 30.6 27.3
12 0.3 2.16 0.5 180 40 23.3 86.9 73.0 26.3
13 0.3 2.29 0.5 180 40 29.6 80.9 72.5 26.3
14 0.3 2.46 0.5 180 40 29.5 64.7 67.3 31.4
15 0.3 2.46 0.5 180 40 24.2 79.8 70.4 27.8
16 0.3 2.66 0.5 180 40 25.1 73.9 58.5 25.0
17 0.3 2.96 0.5 180 40 25.9 82.6 66.0 25.7
18 0.3 3.44 0.2 180 40 15.8 63.1 70.7 25.4
19 0.3 3.44 2 180 40 24.5 93.1 73.6 34.1
20 0.5 2.46 0.5 180 40 10.4 85.7 68.6 32.7
21 0.5 2.46 2 180 40 7.3 80.3 64.5 30.5
22 0.75 3.44 0.5 180 40 1.6 78.9 67.3 32.6
23 0.3 2.46 0.5 180 75 7.0 84.6 68.2 28.7
24 0.1 1.72 0.2 200 20 55.5 57.7 50.5 24.5
25 0.1 1.72 0.5 200 20 68.3 76.9 67.7 26.5
26 0.5 1.72 0.2 200 20 10.3 90.9 76.8 24.6
27 0.5 1.72 0.2 200 20 12.5 93.9 79.1 29.6
28* 0.5 1.72 0.2 200 20 7.6 77.2 67.9 18.5
29* 0.5 1.72 0.2 200 20 7.8 73.4 69.3 25.3
30 0.1 2.46 0.5 200 40 22.9 81.2 64.2 26.5
31 0.3 1.23 0.5 200 40 2.3 84.7 70.2 33.9
32 0.3 2.46 0.2 200 40 2.0 74.4 63.6 31.8
33 0.3 2.46 0.5 200 40 1.5 70.3 59.1 32.0
34 0.3 3.44 0.5 200 40 1.0 70.6 64.3 33.3
35 0.5 2.46 2 200 40 0.0 54.1 59.5 30.2
36 0.5 4.90 0.5 200 40 0.0 64.0 66.8 33.9
37 0.1 1.72 2 200 60 21.1 77.1 66.3 27.7
38 0.3 2.46 0.2 200 60 0.0 55.5 62.8 31.5
39 0.5 2.46 0.5 200 60 0.0 39.0 61.2 28.1
40 0.5 3.44 0.2 200 60 0.0 44.5 72.7 39.4
Sulfuric acid 
41# 0.1 1.72 0.5 180 20 89.8 24.1 12.1 38.0
42# 0.3 3.44 0.5 180 40 19.3 81.1 74.2 29.4
43# 0.5 1.72 0.5 200 20 5.5 87.8 77.4 34.6
* 20 mL stainless steel tubular reactor.       # Not used in regression analysis. 
^ Based on pentose/hexose sugar content (anhydro-correction). 
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Table B4.  RSM model for levulinic acid and furfural yields from bagasse with MSA catalyst 
 
Factors 
 
Levulinic acid 95% confidence interval Furfural 
95% confidence 
interval 
Coded factor F value P-value Low High Coded factor F value P-value Low High 
Model/Intercept a0 64.39 36.29 < 0.0001 56.39 72.38 -22.27 23.09 < 0.0001 -36.08 -8.46 
Acid Conc a1 7.94 8.07 0.0074 2.27 13.61 -75.06 43.26 < 0.0001 -98.23 -51.89 
Feed Conc a2 -5.41 1.71 0.1997 -13.80 2.99 -28.88 8.66 0.0057 -48.80 -8.96 
Particle size a3 1.61 2.72 0.1082 -0.37 3.59 -0.17 0.008 0.9290 -4.11 3.76 
Temp a4 9.90 21.57 < 0.0001 5.57 14.23 -65.12 151.45 < 0.0001 -75.86 -54.38 
Time a5 -10.23 1.00 0.3238 -30.99 10.53 -58.36 114.23 < 0.0001 -69.45 -47.28 
Acid*Feed a12 - - - - - -45.69 9.78 0.0035 -75.35 -16.03 
Acid*Temp a14 -16.58 62.32 < 0.0001 -20.84 -12.32 -38.48 70.01 < 0.0001 -47.82 -29.15 
Acid*Time a15 -15.42 13.44 0.0008 -23.96 -6.88 -30.61 22.23 < 0.0001 -43.78 -17.43 
Temp*Time a45 -26.87 68.45 < 0.0001 -33.46 -20.28 -53.10 83.06 < 0.0001 -64.92 -41.27 
Acid2 a11 -11.20 29.70 < 0.0001 -15.37 -7.03 26.25 11.51 0.0017 10.54 41.97 
Temp2 a44 -24.43 91.04 < 0.0001 -29.62 -19.23 -23.28 29.77 < 0.0001 -31.94 -14.62 
Time2 a55 -33.32 15.38 0.0004 -50.57 -16.07 - - - - - 
 Adjusted R2 0.8941   Adjusted R2 0.8408   
 Predicted R2 0.8447   Predicted R2 0.7646   
 Adequate precision 23.331   Adequate precision 15.756   
 Lack of fit 0.066   Lack of fit 0.071   
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Table B5.  RSM model for levulinic acid and furfural yields from soda low lignin pulp with MSA catalyst 
 
Factors 
Levulinic acid 95% confidence interval Furfural 
95% confidence 
interval 
Coded factor F value P-value Low High Coded factor F value P-value Low High 
Model/Intercept a0 69.00 15.87 < 0.0001 57.66 80.35 43.74 33.36 < 0.0001 -37.48 124.95 
Acid Conc a1 17.56 23.35 < 0.0001 10.03 25.10 -26.94 86.97 < 0.0001 -33.09 -20.78 
Gluc Conc a2 -4.38 0.28 0.5989 -21.39 12.63 122.19 0.91 0.3564 -138.19 382.57 
Xyl Conc a3 2.76 1.49 0.2358 -1.94 7.46 -2.53 1.11 0.3080 -7.65 2.58 
Temp a4 26.98 68.28 < 0.0001 20.21 33.75 38.03 1.52 0.2371 -13.09 89.16 
Time a5 3.72 1.15 0.2962 -3.49 10.93 -26.04 38.21 < 0.0001 -35.02 -17.06 
Acid*Temp a14 -14.10 13.82 0.0012 -21.97 -6.24 - - - - - 
Acid*Time a15 -19.41 20.48 0.0002 -28.30 -10.51 - - - - - 
Gluc*Xyl a23 - - - - - 87.32 7.99 0.0128 21.46 153.18 
Gluc*Temp a24 - - - - - 22.62 29.26 < 0.0001 13.71 31.53 
Xyl*Temp a34 -16.52 17.73 0.0004 -24.65 -8.38 -20.42 7.66 0.0144 -36.14 -4.70 
Xyl*Time a35 -20.00 49.00 < 0.0001 -25.93 -14.07 16.42 8.59 0.0103 4.48 28.36 
Temp*Time a45 - - - - - 109.71 1.26 0.2791 -98.51 317.94 
Acid2 a11 -30.59 48.09 < 0.0001 -39.73 -21.44 - - - - - 
Gluc2 a22 - - - - - 12.87 3.09 0.0992 -2.74 28.49 
 Adjusted R2 0.8229   Adjusted R2 0.9319   
 Predicted R2 0.6050   Predicted R2 0.8301   
 Adequate precision 14.075   Adequate precision 21.087   
 Lack of fit 0.066   Lack of fit 0.168   
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Table B6 (1). Details and yields of components from solvent extraction 
Sample Solvent Solvent ratio 
Component in organic phase Component in aqueous phase Partition coefficient 
Formic 
acid (FA) 
Acetic 
acid (AA) 
Levulinic 
acid (LA) Furfural Solvent MSA FA AA LA Furfural 
Synth 1 MIBK 1:1 37.9% 33.3% 39.3% 87.4% 1.3% n.a. 0.55 0.45 0.58 6.27 
Synth 2 MIBK 1:1 38.3% 37.4% 40.1% 89.9% 1.4% n.a. 0.53 0.51 0.58 7.62 
Synth 2 MIBK* 1:1 31.6% 35.1% 38.7% 88.2% 1.2% n.a. 0.41 0.48 0.56 6.61 
Synth 3 MIBK 1:1 44.8% 46.4% 47.9% 88.8% 1.8% 98.8% 0.63 0.67 0.72 6.17 
Synth 3 MIBK 1:1 41.1% 45.1% 48.3% 88.8% 1.4% n.a. 0.56 0.66 0.75 6.35 
Synth 3 MIBK 1:1 41.6% 47.0% 45.2% 89.9% 2.2% n.a. 0.61 0.75 0.70 7.55 
Synth 3 MIBK 2:1 56.0% 59.6% 59.4% 95.6% 1.9% n.a. 0.50 0.58 0.58 8.58 
Synth 3 MIBK 3:1 66.2% 70.4% 61.6% 97.7% 2.1% n.a. 0.48 0.58 0.39 10.47 
Synth 3 MIBK 3:1 60.3% 59.8% 61.1% 94.7% 1.5% 98.0% 0.40 0.40 0.42 4.73 
Synth 3 MIBK* 1:1 29.9% 34.3% 37.8% 85.2% 1.3% 99.0% 0.39 0.47 0.55 5.19 
Comp MIBK 1:1 34.9% 35.8% 37.9% - 1.3% n.a. 0.54 0.56 0.61 - 
Synth 1 MTHF 1:1 65.3% 63.4% 58.7% 92.6% 8.6% n.a. 1.88 1.73 1.42 12.57 
Synth 2 MTHF 1:1 62.1% 60.8% 58.5% 94.8% 8.4% n.a. 1.72 1.63 1.48 19.06 
Synth 3 MTHF 1:1 61.4% 59.7% 58.8% 94.3% 8.9% 95.2% 1.63 1.52 1.47 17.07 
Synth 3 MTHF 1:1 64.4% 65.7% 61.6% 84.6% 8.7% n.a. 1.83 1.94 1.62 5.54 
Synth 3 MTHF 1:1 59.6% 60.4% 63.3% 85.9% 8.1% n.a. 1.44 1.49 1.69 5.94 
Synth 3 MTHF 2:1 84.4% 86.1% 86.5% 96.6% 8.1% n.a. 2.24 2.56 2.65 11.73 
Synth 3 MTHF 3:1 84.6% 86.3% 86.0% 96.7% 8.7% n.a. 1.42 1.63 1.59 7.61 
Synth 3 MTHF 3:1 87.3% 86.8% 85.4% 98.1% 8.7% 97.3% 1.84 1.76 1.57 14.21 
Synth 3 MTHF** 1:1 59.9% 63.2% 62.4% 84.4% 5.9% n.a. 1.35 1.55 1.50 4.89 
Comp MTHF 1:1 65.6% 64.6% 60.3% - 8.4% n.a. 2.52 2.41 2.01 - 
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Table B6 (2). Details and yields of components from solvent extraction 
Sample Solvent Solvent ratio 
Component in organic phase Component in aqueous phase Partition coefficient 
Formic 
acid (FA) 
Acetic 
acid (AA) 
Levulinic 
acid (LA) Furfural Solvent MSA FA AA LA Furfural 
Synth 2 Butanol 1:1 38.6% 63.3% 62.8% 82.8% 5.0% 65.8% 0.43 1.18 1.15 3.27 
Synth 2 Butanol 2:1 63.9% 86.2% 85.0% 93.7% 4.9% n.a. 0.39 1.39 1.26 3.33 
Synth 2 Butanola 1:1 47.5% 65.4% 63.6% 86.2% 4.0% n.a. 0.73 1.53 1.41 5.07 
Synth 3 Butanol 1:1 52.5% 54.9% 73.0% 85.6% 5.6% 61.1% 0.51 0.56 1.25 2.76 
Synth 3 Butanol* 1:1 52.8% 46.1% 68.8% 87.7% 5.0% 67.7% 0.51 0.39 1.00 3.24 
Comp Butanol 1:1 84.1% 75.2% 57.0% 91.2% 6.5% n.a. 4.77 2.75 1.20 9.41 
Synth 1 EthAc 1:1 44.6% - 47.9% 91.5% 1.0% n.a. 0.93 - 1.07 12.47 
Synth 3 EthAc 1:1 43.8% - 50.3% 85.1% 1.0% 98.1% 0.85 - 1.11 6.24 
Comp EthAc 1:1 45.9% - 47.6% - 1.1% n.a. 1.04 - 1.11 - 
Synth 3 SBP 1:1 15.0% 35.8% 71.4% 97.1% n.d. 96.9% 0.13 0.41 1.85 25.05 
Synth 3 SBP* 1:1 10.6% 32.7% 64.2% 96.1% n.d. n.a. 0.09 0.38 1.40 19.21 
Comp SBP* 1:1 15.3% 32.2% 61.6% - n.d. n.a. 0.16 0.43 1.45 - 
* Extraction undertaken at 80 °C;   ** Extraction undertaken at 55 °C;  a 0.2M NaCl added to solution. n.a. – Not analysed. n.d. – Not detected. 
Note: Differences between duplicate results were <4.5% for formic acid, <5.3% for acetic acid, <4.1% for levulinic acid, <6.1% for furfural, <0.5% for solvent in aqueous 
phase, <4.8% for EG and <3.3% for MSA. 
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Figure C1. Proton spectra of calibration standards  
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Figure C2. Mass spectrum (GC-MS) for levulinic acid (RT = 6.8 min)  
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Figure C3. Mass spectrum (GC-MS) for EG-mono-levulinate (RT = 8.9 min)  
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Figure C4. Mass spectrum (GC-MS) for EG-mono-levulinate-EG-ketal (RT = 
10.7 min)  
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Figure C5. Mass spectrum (GC-MS) for EG-di-levulinate (RT = 13.7 min)  
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Figure C6. Mass spectrum (GC-MS) for EG-di-levulinate-EG-ketal (RT = 
15.1 min)  
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Figure C7.  HMBC NMR spectrum of product obtained from EG to levulinic 
acid ratio of 1:5 (D2O) 
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Figure C8.  TOCSY NMR spectrum of product obtained from EG to levulinic 
acid ratio of 5:1 (CDCl3) 
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Figure C9.  HSQC NMR spectrum of product obtained from EG to levulinic 
acid ratio of 5:1 (CDCl3) 
 260 Appendices 
 
Figure C10.  HMBC NMR spectrum of product obtained from EG to levulinic 
acid ratio of 5:1 (CDCl3) 
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Figure C11. Carbon spectra of levulinic acid and EG esters 
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Figure C12. Mass spectrum (GC-MS) for unknown compound (RT = 12.3 
min)  
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Figure C13.  Proton NMR spectra of solvolysis and hydrolysis residues from 
bagasse 
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Figure C14.  HSQC NMR spectrum of residue from EG solvolysis of bagasse 
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Figure C15. Thermal analysis of (a) bagasse hydrolysis residue, (b) sugar 
mixtures residue, and (c) soda lignin  
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